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Abstract

This thegls developed a finite element solution of the
Schrodinger wave equation. fThis techrniique is used by a
computer program to calculate the energy levels and wave
functions o1 a dlatomic molecule for a particulgr poten-
tial energy model. The potential enerygy model is a function
ol a set ol parameters which a non-linear minimization rou-
tiine varies betore solving the wave equation. This is done
in an iterative marmer until the calculated energy levels
asree 1n a least squares sense with the observed energy
levels.  Then the transition probabilities (Franck-Condon
luctors) between the wave functions are calculated by
another program developed for this thesis. Finally, two
progrums were written to determine the energy levels
vbuerved in gpectroscopic data. One uses Dunham coefficlents
and the Dunham equation while the second uses a least square
it to the data directly.

The four programs were tested and appear to work correct-
ly. The numeric solutions were compared with the analytic
solutions of the single harmonic oscillator. The lowest
24 energy tevels agreed to within 0.005% accuracy while
thelr wave functions appear to agree to within 0.40%

accuracy .
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COMPUTER MODELING OF VIBRATIONAL ENERGY LEVELS
OF POTENTIAL LASER CANDIDATES (DIATOMIC MOLECULES)

1. Introduction

Background

The evaluation of the lasing potential of diatomic
molecules is siwmplified by accurate knowledge of the
nmolecule's energy as a function of internuclear distance.
This knowledge is used to generate wave functions from the
Schrodinger wave eqguation which describe the molecule in a
particular quantum state. These wave functions are - a1
turn to calculate the probability that the molecule will
change from one state to the other. This probability, or
Franck~Condon factor, eases the correlation of spectroscopic
ddta.

AFIT began an cftort to develop a set of computer
routines capable of calculating these Franck-Condon factors
for diatomic molecules in 1982, The central program of this
set was acquired from Dr. C.R. Vidal (Max Planck Institut fur
Ervtraterrestriche Physik) (26). This program uses the semi-
classical Rydberg-Klein=-Rees (RKR) procedure and an Inverse
Perturbational Analysis (IPA) to generate the molecule's
potential energy curve. Capt. L.L. Rutger modified Vidal's
prugraim to run on the CbC CYBER computer system in his thesis

eftort (March 83). Rutger also wrote a program to generate
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the set of molecular constants used as input to the KKk-1PA
Code (20).  Then, in another thesis project (December 83),
Capte JuJ. Pow conpleted the program sot Ly creoting programns
tu plot the energy curves and calculate the Franck=-Condon
factors (lou).

The RKR-1PA progrew ot vielded recsults that agreed
viery well with similar work in the literature (5). lowever,
Inicrest does exist in rfinding a more efficient prograem scot
Labed on o some other technlque than RKR. This technique
shiculd avoid the following shortcomings of the RKR program
set. First, the RKR-1PA programs require considerable
Computol resources and are therefore expensive to use. Tnece
progremy Can not run on just any minlicomputer that may be
avaeilables  They reguire full mainframe support. Second,
rescearcher s have observed anomalous behavior of the RKR
potential (1&), (L9)Y, (23), (25), (29). The curve gsometlmes
Lendo over, or decreases rapldly for higher enerqgy states.
Theoo ettects are usually attributed to an incorrect set of
molecular constante. wells, Swith, and Zare concluded that
Ll RER method 15 very sensitive to errors or inconsistencies
it the experimental data (27). this has sparked interest in
a technioue that uses the exnperimental data directly to find
the potentlal that yields the best fit to the measured energy
Grllorences.,

Previous work to find a new technicue or better version

o1 BKE have not wade any significant improvements over LRKR,

o
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Potential Energy Models

Some knowledge of the potential enerqgy of diatomic
molecules 1s required before the wave equation can be solved
for the c¢nergy eigenvalues or wave functions. The exact form
ol a function describing the potential energy 1s not in
Jeneral known. However, 11 many Cases the potential appears
to have a form 1llustrated by Figure 1I-4. The two constants
shown are the molecule's dissociation energy Do and the
equilibrium distance between nuclei r,.

Onc of the most widely used potential energy models is

the Morse function (10:101):

(16)

T~

4

p=d

ti
~

(Y

[nternuclear Separation v

Fage 1T1=-d. A Potential Energy Curve ot a Diatomic Molecule
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Now the vector Y Can be back-transformed into vector X,

which contains the values ot the energy levels, by solving &T

£ = Y. LTpp = 0 since L and ET have the sawme diagonal. This
hicans that Xp l1s arbritary since 0 Xp = Yp where Yp is also
arbitrary. The vector element 3 is chos¢n to be zero since
it attecty the values of other vector elements xy (1 < p).
The remainlng elements of y are "elated to x by
Y Tk 4 p>_31L']:‘ X (i=1,2 (p-1))
i 1171 k=i+llk k rEr ety {(14)

. . . . o . i
since ET is upper triangular. Inverting and remembering Lrik

= Lki Eq (14) becomes:

kixk (i:(P'l),(P'-?)»---;l) (15)

The value of “p-1 is computed first since it is needed to

compule the value ot Xp—Z'

The vector x now contalns the energy levels that best
fit the spectroscopic data. However, the highest energy
levell fp has a value of zero and all other levels are

negative,  The enexrgy levels may now be shifted so that € is

vlther ¢ero, or the value the Dunhiam equation (Egq (1))

Yit_'ld‘cl. '"VJ
]

This least squares method yields values for only the RN
enerqgy levels represented in the data. Missing values may be :}l
4

tound trom the Dunham equation (kg (1)).

14 - B
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Lij = By = B Rkl
L..
JJ
- .. - L%
Ljg = Ay k=1 9K
where Lij = 0 if j > i since L is lower triangular. Also,

the last diagonal element L is zero since A is singular.

pp
The solution of L y = b is found by inverting

(i-1)
by = E BV T aads
(11)
Lo get
(i-1)
y. = b, - n L.y
i 1 k-1 ik’k (12)
Lii

This method yielas only p - 1 values for y since Lpp = 0 and
kg (12) can not be solved for Yp- This means that Yp is
arbitrary and cun be chosen to be zero. However, the
condition

(p-1)

b= £ L
P oy PKK

(13)

munt be met it the problem is to be consistent.

13
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level difference information. The solution is unique only in

terms of differences €j - Gi, not in the value €i acquires.
Since A 1is positive semi-definite (28:28-30), the

Cholesky decomposition (28:229) (4:Sec 8 1-12) can be used to

state the problem in a solvable form. First, a 1lower

triangular matrix L 1s found so that A = L ET (ET is the

transpose of L). Then the problem becomes L y = b where y =

L'x.
The decomposition of A occurs as follows. If A =LiLT,
then element Ay of A is:
min(i,j)T min(i, j)
Ary T B Mkl T E Rk gk (8)

where LTkj = Lyx since ET is the transpose of L. Three cases

arise when evaluating Eq (8):

(3-1)
. 2 - 42
= =L%. + ¥ L%
SRR F R P A )
. L (jil) L
1”3 e O P . .
il AlJ 1J77) k=1le jk (9)
(i-1)
I Ay T byl v R Bk
Inverting Egs (9) ylelds

12
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[ ariye)
T k=)

Wik(1im€517C)

1. .—€, +€.) (6)
1 j J

ij( ki k

i 1

A final rearrangement of terms yields:

el
ke

€, Z (wey tw, .) -
ki 1 ik kK1

it Mg

Aw., )€, = 8 I T (7)
i€ jﬁl(wa k3™t g

J
The first verm of Lg (7) 1s the sum of tne weighting factors
for all trangitions ending at level € | plus the sum of the
weighting factors for all transitions beginning at level €,
times the value of Gk' The second term is the sum over j of
the weighting factor for the transitions between levelst<
and Ej times the value of Gj. Finally, the third term of Eq

‘o (7) 1s the sum over j of the weighted transition from level
(k to level Ej minus the weighted transition from level Ej to
level ¢y . Only observed transitions are used in Egq (7).

This relationship can be more conveniently solved by

rewriting Eq (7) in matrix form as shown in Figure 11-3.

This is the common linear problem Ax = b where A is a p by p

square matrix, and the vectors x and b are p by 1 matricies.

The diagonal elements of ﬁ.(Amn m = n) are the sum of (Wik *

wei) i =1 to p. The off diagonal elements (A,  m # n) are

-{w

+ oW

mn nm)'

The problem 1s complicated by the fact that A is

singular, possessing no inverse 5'1 such that x = Q'l b. A

e is singular since the spectroscopic data contain only encrgy

10 e




inconsistencies in the additional data. The following
analysis finds the set of energy level values that best
resolves the inconsistencies of the entire set of data.

The weighted linear least squares technique finds a set
of energy levels with the smallest sum S for the p observed

levels.

el

P 2
S=2%2¢% L ow. .(1,.-C.+€, (2)
“is1j+1 1301576078
The weighting factor Wi allows more accurately determined
data to make a larger contribution to the sum S. The minimum
of the sum S occurs when its derivatives with respect to the

energy levels of interest are zero:

I ;
) K (3)
The derivative is
0 Iz) § (1. .-€.+€.)( ) (4)
= W . P I S 6 .. =6.
i=1j=1 1j° 13 1 Jk Tik
since )
1 if m=n
a€ 0 if m#n |
n 3
p
Using this property (Eq (5)) of the Kronecker delta &, Eq »
(4) becomes: ‘
)
"
o
9 N
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Fig. I1-2. Inconsistencies of Spectroscopic Data

transition lines involving the same energy level. This is
illustrated in Figure 1I-2. The observed differences between
level €, and the other levels €{,5,1,m,n (lines 1, , a-=
i,j,1,m,n) do not agree with each other. Each line supposes
that the level €, 1s at a different position than the other
lines. If level €, were to be pinned down to a definite
value, then all the other levels would shift, This is not a
problem in this simple case. However, a problem arises when
other transitions are observed not involving level € . This
additicnal data will most likely be inconsistent as the data
involving level ¢, were. Now the shifting of energy levels

Caused by pinning € to a detinte value further compound the

.............
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State C
R State B €9
v = €y
€7
v = €¢
l ‘s 65
€y

State A

Fig. II-1. Electronic Transition Lines
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cocfficients are often published in place of the data they
represent. The Dunham coefficient Yij is a coefficient of an
infinite power series of vibrational and rotational quantum
numbers (v and J). Given enough terms, this seriles
accurately represents the energy T(v,J) of the quantum state

represented by v and J3 (6:725). The Dunham equation is:

Ty,g) = 2 Yy ) )
1)
Pow describes a good method of determining the Dunham
coefficients from spectroscopic data (16:4-8).
Alternatively, the researcher may use the spectroscopic
data dilirectly to determine the observed energy levels by a
weighted least squares fit.

First, a set of transition lines 1i are observed and

j
assigned. The assignment identifies the transition's initial
and tinal electronic and vibrational states. Each transition
is rrom an initial energy level €; to a final level Ej'
These levels may or may not belong to the same electronic
state as shown in Figure II-1. For example, line 193
represents a transition from electronic state B, v = 2 to
state A, v = 2. Also, line lgg represents the transition
from state C, v = 2 to state C, v = 0.

Then, the least squares technique is used to resolve

ilnconsistencies between the data. A transition line

involving one energy level may not agree with other
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1I. Literature Background and Theory

This section develops concepts and theory required to
understand the programs presented later. The goal of this
effort is the calculation of the transition probability
(Franck=Condon factor) between two energy states of a
diatomic molecule. The wave functions describing these
states are used to calculate the Franck-Condon factor, and
are found by solving the Schrodinger wave equation. However,
knowledge of the molecule's kinetic and potential energy is
required before solving for the wave functions. Therefore, a
discussion is first presented on determining the appropriate
electronic and vibrational energy 1levels of the system.
Then, two potential energy models are presented. This
section is followed by a detailed outline of a finite element
solution of the wave equation. Finally, the calculation of

Franck-Condon factors 1is discussed (21).

Lbetermination of Energy Levels

There are two starting points for determining the energy

levels of a diatomic molecular system. The researcher may

¢ither wuse Dunham coefficients to calculate the energy
levels, or they may be derived directly from spectral data.
Dunham coefficients are combinations of molecular

constants derived from spectroscopic data. These

e v at T - . -
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not be important, as long as it allows the flexibility to
modify the repuluive and attractive branches independently.
This progjram was validated against the analytic
solutions of the vimple harmonic oscillator. Two programs
hhave been written to aid the researcher in defining the
cnergy levels used as input. One program uses a least
squares technique to find the set of enerqgy levels that best
fit a set of spectroscopic, transition data. The second uses
Dunham coeftficients to calculate approximate values for
missing enerqgy levels. The last program written computes a
25 by 25 (v' = 0 to 24; v" = 0 to 24) table of Franck-Condon

tactors between two electronic states.




Choose a set of vaules
for the potential energy
parameters a, B, ..

Solve the wave

equation:
=<
Ecalc YiH>
Compute:
s =4tw(E. - E . )%
2 obs calc

Fig. 1-1. Minimization ot the Least Squares Sum
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or are still computationally expensive (8), (12), (24).

Objective

The objective of this work is to develop and validate a
proyram set based on a quantum mechanical approach. These
programs should be transportable to minicomputers such as a
VAX 11/780, HP 1000, Harris 800 and be inexpensive to use.
Also, they should use observed energy levels as input, not a
set of wmclecular constants derived from these observed

levels.

Approach

A program has been written which solves the wave
vquation using the finite element method. This program ules
a potential energy function defined in terms of parameters
the prograin can change. A non-linear minimization routine is
used to find the set of parameters which characterize the
potential that best fits the observed energy levels in a
least squares csense, This approach is illustrated in Figure
I-1. 7The minimization routine selects a set of paranmeters,
solves the wave eguation, and computes a sum of the
difference belween observed and calculated energy levels
squared, This process 1is repeated until the set of
parameters is found that yields the smallest enexgy
ditference sum.

This approach allows the researcher to fit a potential

encrgy model to his data. The specific model chosen should

BT T L I - ..t t .t A T S S Y PR N - - -
D e T T T L TR
E S e e T e et e e e e e e e e e e
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The molecular constant B is defined as (10:101):

1
B =(2wen)’,, = 1.2177, (1_ (17)
< Deh> we we<D()

where p is the reduced mass of the system and U, is a
vibrational frequency. Tellinghuisen and Henderson observed
that the Morse function seems to accurately describe the
repulsive branch ot the potential (24).

Another potential energy model is the Lennard-Jones

- r r
Vipy = Dg (}_ge_) - ?(}g) (18)

This potential is considered since it is the sum of a

potential:

repulsive and attractive potential. Therefore, each branch
may be modified independently of the other branch.

Whichever model is chousen, the potential is described in
terms of parameters than can be altered before solving the
wave eqguation. For exanple, the powers 12 and 6 of Eq (18)
might be replaced by & and 8. Thena and@g are each allowed
to have a certain value, say @ = 12 and g = 6 or a = 11.39
and B = 5.06. The method then is to vary the potential
parameters and solve the wave equation in an iterative
fashion. Civen enough iterations the set of parameter values
will be found for the potential energy model making the best

tit to the observed energy levels.

16




{ Care must be exercised when the potential energqgy
*i function 1s parameterized to ensure that the model is still
an accurate description of the molecule. For example, if the

Lennard-Jones potential were parameterized as

- r a r B
Vig) = D (;g> - 2<}_g> (19)

one would find that the function's minimum no longer occurs

at r, if aqa= 11.39 and 8= 5.06. However, if the potential

were parameterized as

_— r a r B (20
o = () 56 ’

I then the function behaves well for all o and . The function -
described by Eq (20} is the Mie potential (14:311). Moelwyn-
Hughes points out that both the Morse and Lennard-Jdones

functions are special forms of the Mie function (14:311-315). .

Nunierical Solution of the Wave Equation

The wave functions used to calculate Franck-Condon
factors are derived by solving the Schrodinger wave equation. -
The procedure uses the finite element method to solve for the
enerqgy eigenvalues of a particular set of potential energy
parameters. The calculated enerqgy eigenvalues are compared
with observed energy levels in a weighted least squares

sehise. Then, a new set of potential energy parameters is

17
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generated, the wave equation solved, and energy levels
compared. This process is repeated until the parameter set
thiat best fits the measured enerqgy levels is found. Then the
vigenvectors are computed and normalized.

The expected values of the energy operator are:

\ +
E = ext{Jdxy H (21)
{j'dxqr"qr }

where ext { } means the extremum of the backeted quantity.
The extrema of a function are its minima, maxima, and saddle

points. Assuming spherical symmetry, Egq (21} becomes

[0e]
, 2, % 2.2
bnJ drr=y ~h VotV ¥
E = ext{ 0 (r)( 21 (r)) (r) (22)
[ 0]
2.+
hwgdrr ¢(r)w(r)
where the Laplacian operator is:
=1 d r®4 (23)
r2 dr dr

The wave function § () 1s replaced by a function U(r) s°
Lhat:
+

Uy _ U .
¥ir) = £) = L) (24)

18




(See French (7:199

-201) for another discussion on this

substitution). Then Eg (22) becomes:

\

o 2
Sdrru -h“1 d r d +V Uir)
E = ext{0 (r)( 20 r? dr (r)) | (25)
Id 2
53V () )
sSince
[]
rzg_(ﬂs_rz)= 2(*Y(r) + Yo)
dr\ r rz r (26)
[}
= ) T ()
the kinetic energy term of Eq (25) is rewritten as:
1 d|r“d ((r) =1 d (-U + rU
r3 dr[ dr( r )] = a\ (v) (rﬂ
L L} (1]
=1 (-U + U + ru
;( (r) (r) (r))
= U(r) (27)
r
Thercfore Egq (25) 1s now
J‘drU -h© d® + v U
E = ext{0 (¥ )(Zu dr? (r)) (r) (28)
fdrU
o (r)

19
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Whern integrated by parts, Eq (28) becomes

w 2
ol 2fau 2
o - el G~ o)

(29)

The finite element method can now be used to solve Eg
(29). First a uniform grid is overlayed on the wave function
as indicated in Figure 1I1-5. Each grid point o is a node.
The natural coordinate system (Fig I1-6) (3:88) simplifies
the problem. Iach position r is described in terms of the

local ¢grid boundaries r; and ry,3;, and the natural

courdinates 14 and 12 as:

r=r, + th = rig llh (30)
where h is the grid element size
h =r. ,-r. (31)

and 19 + i, = 1.

The approximdte solutions of Eq (29) found by the finite
vlement wethod will converge to the true solution as the grid
clement size 1s wade smaller. However, the interpolating
polynomial chosen to approximate U(r) must satisfy the
tequirements of completeness and compatibility presented by
kao (17:114-115%). These reguirements are met if a basis set

¢f terms cubic in 17 and 1, are used to approximate Ugry)-
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Then the requirement is that the approximating function and
its first derivatives are continuous at each node rj. The

tunction U(r) is approximated by:

E G PIS O b €51
+Uy £ (32)

U =U_f +U, £ +U, £

where U0 = value of U(r) at ri
[}
U0 = slope of U(r) at rs
U1 = value of U(r) at T4
]

U1 = slope of U(r) at T4

Then the boundary conditions at the left edge of the grid

element 11 =1, ].2 = 0) are:

.;'

:
f1(1,0) =1 f1'(1.0) 0
fa(1,0) = O fg(l,o) 1
f31,0) = O f?(l,o) 0 (33)
fur,0) =0 fyr,0) =0
The boundary conditions at the right edge ( 13 = 0, 1, = 1)
are;
v .'"
f100,1) = © f100,1) 7 °
f2(0,1) = 0 f%(o,1) =0 (34)
300,00 71 *3¢0,1) 7 ° ‘
o f4(0,1) = O fh(o,1) =1

22
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The function U(r) should be zero and have zero slope at
r = gand r ==, This condition is not enforced, but should
be a result of thig analysis as the function gets far from
the potential,

The basis set for cubics in 1l and 1, is {113; 11212;
11122; 123). The first derivatives of the basis set are {-

Jll‘//lﬁ (-21112‘*112)/11; (-122+21112)/h; 3122/h] since

dy = dy  dli + dy dle

dr dl; dr  dlj dr (35)
and
dl, = -1
\o dr h
(36)
dl= = 1
dr h
$0 that Eq (35) becomes
dy = 1(_x .;x) (37)
dr h\dl dl ..
The combination of basis functions that satisfy the boundary
conditions (Egs (33) and (34)) is:
@

23
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= 3 2 ! = -
fl 11+31112 fl (61112)/h
f. = n? £f. = (1%-21.1.)/n
2 11z > 172141,
£ 0= 17+31,1° £l = (61,1.)/h (58)
3 2 2 3 1-2
o 2 2
£, = -n1,1% £, = (15-21,1,)/n

The functioun U(r) and its first derivative are now

approxinated by:

~ 4 2 Y2 3 2
Uir,1,) * Up(11+2191,)4U5(h171,)+U) (15+1,17)
+U, (-hl,19)
1 142 (39)
= U 13+(3U.+U n)121 +(3U, -U. h)1, 124U, 17
- o'l otUph/ Ly l,M3U -Uy )l 170,15
and
— ' 2
dUiy 1) = u ("0 o \eul (~21.1.+12) 4y, (O11ls
ol —1-2)*Upl-2l 1 +1)+U, (L 2
dr h h
' 2
+U1(-21112+12) (40)
_ [} 2 [} [} 9 2
= Uoll+(—3Uo/h—Uo+3U1/h—U1)21112+U112
The integrals of Eq (29) may now be rewritten as
=120 fulaZe(3Y0-u + v o1 1000 12] 2 G
1 T e Al ddy i Ugly (2 0-Ug®Z 17Uy J2d 17842
0 h h B
. I, = £d11d12EU011+(3Uo*Uoh)1112+(3U1'U1h)11 2 (42) :'J
" 3 2 '~‘. "
+U112] V(ll'lz) .1
24 :
1
Dl e T e e T e e T e e e e,




.......................

T T W T Y Y

h 3 . 2 . 2 3.2
13=fd11d12LU011+( 3Uy+Ugh) 1112+( 3U;-U;h) 1112+U112] (43)
0

for each grid element where

2 2 /dU 2.2
I,+I.=fdr|ln (r)\“+u v ]
17727, [-2u<dr ) (r)'(r)

(44)

" 2
I,=/'drU
3 Jodr (r)
These integrals are solvable by the simple relation
{3:312):

h

. P9 =_hpt!qg!
Jodllcllzlll2 G%%TW (45)

€ince U Uj, and Ul' are constants with respect to the

or Uo's
coordinates 14 and 1l,, the result is the integral of a
polynowial in terms of 17 and 1,. Then, if each integral is
s¢eparated into a sum of integrals and constants are taken out
of the integral, Eq (45) solves each term of the polynomial.
The integral I, (Eq (42)) is complicated at this point by the
potential energy term V(ll,lz) and will be discussed next.
When solved, I; (Eq (41)) and 13 (Eq (43)) result in a
polynomial in the boundary values Uy, Ugy', Up, and U;' of the

grid element. For example, Iy becomes
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15

[}
= 1822hU§ + 264h2U0UO + 648hU

7!

7!

71

U

071

+

-y — T~y w—— > - = - -

(46)

This expression is more convenlient when written in matrix

form as:

[ ] [} —} i 7
13 {Uo Uy Yq Ul} }’;_' {18?2 264h 648 -156h UO
26kh  48RZ  156nh -36n° Ué (47)
648  156h 1872 -264h uy
~156h ~-36h? -264h  48n° LUI
Similarly, the integral 1I; becomes
] [} 2 r ] r ]
I, = U, U, U, U.| & 144 12h ~144 12ni||Uu
1 0 "0 "1 1} m , ) (3
12h 16h“ -12h -~4nh Up
(48}
-144 -12h 144 -~12h Ul
12h <41 -12n 16h2J U;
A |1

The integral over the entire grid is then reduced to a matrix
problem composed of one matrix I; for each grid element i.

For uxample, the overlap integral becomes:

b2 T ;

where a and b are the first and last nodes of the grid. Then

s 2 1s constructed as illustrated in Figure II-7 where the

th

i sub=matricies of z and § are shown in Figure 1I-8. Each
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Fig. II~8. The Sub-Matricies of ETg z

sub-matrix corresponds to one grid element. The sub-
matricies z' and S! overlap with sub-matricies gl'l, z1*1 and

ii—l, i+1 since the (i-l)t'h and ith arid elements share the

<
fo)

same ¢grid boundarics, as do the (i+l)th and ith elements:

1-1 _ i
U =%
'i-1 'i
U7 =Y
(50)
i o it
i =Y
1 _ i+l
Uit =Y
When element S5 0t § or 2, of z correspond to the overlap of

sub-matricies si, sitl or z1, 21+l the value of S or 2. is
2 < Z mn m

the sum of the corresponding values of the sub-matricies.

28

...... .~ . LU R T D DA
A R I A LI A Y S S F PO A P L AL SR cgte et
2 C W SR A W W SR P AP I A SN .

AR A AR i S AN S i Rt e Shan Susnd

Sala a2’

P SRP U WY




Tie Integral I, (Bq(42)) is soulved in the same manner;
hcecwever, the potential enerqgy function V(r) must first be

approdinated by Vily,1,). The potential Vir) 1s written as a

Combination of the same cublc basis set used for the function
U(r)’ This keeps the samwe level of accuracy between the
approrivating tunctions U(ly,1,) and Vi(l;,1,). Specifically,

V(r) becomes:

Vv =V r. = r < r.
(r) (11,12) i i+1 (51)
+V0f,

’
v =V f +V, T +V, T
(1,,1,) "071(1,,1,) 2(17,1,) T173(1,,1,) T LTA(L,,1,)

where the ﬁx's are the same functions used earlier (Eq (38)).

Then the integral I, (Egq (42)) for the ith grid element

is
Tial
I‘:“‘i‘dI‘U(r)V(r)
i
*ndl 4l (U 194( 30 +U n)121, +( 7 ' 240,127%0v 19 (s
A S i A oML, +(3U U h) L 12+U, 15 15V 17 (52)
' 2 3 ] 2
+( 3V0+Voh)1112+V112+(3V1—V1h)1112]
SO
Ly s Iy * I, vI+ 1, (%3)

After the same manipulations described before, the IZa's are

cValuated as:
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File CoMP

M<
GE SPOCK

JE,21%0 !'BBBA

'"TFWEA CO VLCNZ SPOCKH

£D SPOCK

TA

E,3

C,&-&, &z

$JE, 177G, 'MED

'NED UP

MO A ON

'K %, 0

B0, I3, VNEXT

'NEXT %SAUF?7.LPVWKO &1
$JE 'F77ERR

$FR compiled ok... -
$JU 'ELOLD

'F77ERR #FR Ooops...
TELOLD EL &2
$JE,312,'ELZZ2Z

$JE, 2170, '"NEXT2

+JU 'NEXT2

'ELZZZ EL 222

$JE, 2170, 'NEAT2

'MEXT2 IS SPOCK

MO %A=0FF

EL SPOCK

AS o=%
$Fk done and did.
ME

File VLCN2

$FR vulCanitzatirorn... B
VU. B ]
NAME 222 -
LT, 2039EFPHRxBINDER, 1000AFIT*IMSLLE, ¥5AUL?7, ¥LIBERY .
BE ]
<7y

. . . Y
Fig. 11I-1. VPortran 77 Compile and Link Macro B

hN )
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The job control statements required to compile and link
these programs is given in Fiqure I1I-1. These statements
COompose & macro. A macro is a file of commands referenced by
the file name in which the statements are stored. For
example, if the statements of Fig I[1I-1 are stored in file
compP, the macro 1is executed by COMP D1ATOM DIA or COMP.D
D1ATOM DIA. In the first example, the program stored in the
tile DIATOM (Appendix F) is compiled and linked. The
executable wodule is stored in the file DIA., In the second
example DIATOM is compiled using the debug (D) compiler
option. The source code in the file DIATCM may either
contain all user routines, or references to other files
contalning wmore source coda. The S$ADD facility causes
another file (filename = xxxXX) to be inserted where $ADD xxxxX
occurs (for examples, see Appendices B, D, F and H). The
executable code is run by entering the name of the file
containing it.

Before executing the program, the user must attach all
input/output ftiles. If the program reads from logical unit
11 and writes to logical unit 13, then they must be attached
to the ti1les by the AS (ascign) command (e.g. AS 11 = INFN
and AS 13 = OUTEN). INFN and OUTFN refer to the file names
involved. The macro shown in Figure III-2 makes all
lecessary assignments and executes the program DIATOM stored

I executable torm in the file DIA.




I11. Computer Programs

This section presents the computer code written to
implement the theory outlined in Chapter I1. The programs
developed are called DUNHAM, EFIT, DIATOM, and FCFACT. The
environment these programs run in is first discussed. This
includes the compile, 1link, and execution steps. Then each
individual program is discussed, including its purpose,
cababilities, and major sub-program tasks. Finally, the
interrelationships between the programs 1is presented.
Program flow diagrams and source code are in the Appendicies

A - . Appendix I is a legend for the flow diagrams.

Program Environment

........

The programs run on AFIT's Harris 800 minicomputer under
the VOS operating system. Each program may run in either a
batch or interactive-terminal environment. The Harris is a
24 bit machine with two words used to represent a real
variable. Single precision mathematics is used.

The code is written in standard Fortran 77 and should be
portable. A few Harris utility routines are used, but they
do not affect any calculation. Therefore, they may be
replaced by similar routines found on other machines orbleft
out of the programs. Standard routines from the IMSL (11)
library are used. These routines may also be replaced if not

available.
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The Franck-Condon factor (kg (75)) is:

T 2 -
= 7
Poo oy =Lz 8 2] (77)
This method requires that the two wave functions be developed
from identical grids, and therefore were derived by solving

Eq (62) using the same matrix S.
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1
P2
V' ,V"
Pv',v"
‘
b‘igjo
[

rT L
__(‘_2§.Z‘_1
B A 1
. , T s .,
Z, S 2y
o 4 L J
gg = a wave function of one electronic state
%4y T a wave function of the other electronic state
S =~ the matrix § of Fig. II-7 and Eqs (49) and
(62)

II-11. The Franck-Condon Calculation in Matrix Fornm
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Fig. 11-10. Wave Function Overlap
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The development of Franck-Condon factors depends on the
born-Oppenheimer approximation (10:199) that the wave
function is separable into an electronic and vibrational wave
function § = Yo ¥ \ip- Also, the electron 1is assumed to
change states so quickly, compared to vibrational motion,
that the nuclei have nearly the same position and velocity
before and after the transition (10:199).

The inner product in Eq (75) is calculated in the same
manner as the wave functions were normalized., 1In fact, the
same matricies can be used. The difference arises since two
different vectors representing the wave function are
involved. The problem illustrated in Figure 11-7 1is changed

to that in Figure II1-11.

ly

C-

ese =3

Fig. 11-9. Franck-Condon Parabola

37




(49) illustrated in Figure I1I-7 as §T§ z. This inner product
is constrained to be one (i.e., N must be 1) by the
Lagrangian multiplier constraint of Eq (63) as ng z =1,

which is used to define the eigenvalue problem.

Calculation of Franck-Condon Factors

The wave functions for the different vibrational states
ol cach electronic state are now used to calculate the
trunsition probability between two states ¥v' and ¥v". This
probability is called the Franck-Condon factor and is defined
as (22:119):

2

P = J¥guyndr (75)

Vl ,V"
There are two notable properties of the Franck-Condon
factor. First, the factors are normalized so that (22:120):

< Pow =1 (76)

v' V!
Sccond, the maximum transition probabilities lie along a
parabola-like curve in the array of factors (10:196). This
is depicted in Figure 1I-9. The transition probability is
Lighest for the wave functions which overlap the best. As
Figure 1I-10 illustrates, there are two wave functions yv"
for which overlap is a maximum with ¥v'. This occurs for
all but the v = 0 wave function where there is only one

haximum. This corresponds to the vertex of the Condon

parabola.
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Once recovered from y and L, the vector z contains the values
and slopes of the function U(r) at each node rj. The values
of U(r) are the values of the one dimensional wave function.
These wave functions should still be normalized it the
vectors y were normalized, sinCe the recovery processes were
unitary. However, the wave functions are checked for
normalization before using them to calculate Franck-Condon
factors. The original three-dimensional (r, 0, ) wave
tunction ¥ ) is not needed since symmetry is assumed and
U(r) is the one-dimensional (r) wave function.

The eigenvectors z should be orthonormal since the
transtormations from cigenvector y were unitary and y is
orthonormal. The normality of the function U(r)' as
described by the vector 2z, 1s checked by calculating a
nornalization constant N from the inner product of U(r) as:

IN|? = JdrU(r) (r))'l (72)
If U(y) is normalized, N = 1. 1f U(p) 1s not normalized, 1t

can be made so (UN(r)) by

U = NU (73)
N(ri) (rl)
The inner product of U, was originally defined as
+ PO
<u 1, > =
(r)'U(r)> = darUy (74)

in the denominator of Eq (25). In matrix form, Eq (74) is Eq
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The matrix X is built similarly. Since Z = X ET, Zi4 is

also

2. = % x. .17 (68)
ij —k=j-ji kj

The sum 1s again limited since ET has only four non-zero
diagonals also. Remembering that LTkj = Ly, expanding Eq

(68) and inverting yields

xij=(zij’xi(;1—3)L1<,j-3)'xi<jiz)ij-a‘Xi<j—1ﬁJi(j-1)) (69)
3

The eigenvectors of Eq (65) are the energy levels
desired, but the eigenvectors y do not contain direct
information about U(r)- This information can be recovered
thiough.

Since y 1s related to z by y = ET Z, the element Yij is

i+3

:’Tr
Yij 7.5 Mik%k]

i3 (70)
= I L

/A
k=i K17KJ

Expansion and inversion of Eq (70) yields:

zij=(yij‘L(1+3)1Z(i+3)j'L(i+2)iz(i+21j'L(i+1)1Z11+1)j’ (71)
L.
11

Sttt

T
Send




O = Hz - ALL 2

0 =17t 1T 1T - an Ty

y=L'z

o =1ty <oy

x = L7ttt (65)
O = Xy - AY

The decomposition of S 1s the same used to decompose A in the
previous section, and will not be presented again. It should
e noted though that L is a lower triangular, banded matrix.
The matrix X 1is derived in the following two step
process. First a matrix 2 is found where 2 = E'l H. Then X
is related to 2 by X = z LT-1,
The first step is written H = L 2 where the member Hjj

of H is:

[ip=e

H.. = .1 2

: L : (66)
1] k='—31k kj

}_J

The sum over K is limited since L has only four non-zero

diagonals. Expanding Eq (66) and inverting yields

2357y 0 (509)2¢i-3) 1 -2 ba-2) TR -1 B a-1) 3 (67
ii
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=0 (64)

[=8
N KL
=

yields H 2 -y S 2z = 0.

The eigenvalues of Eq (62) are the system's expected

ehergy levels., The eigenvectors contain the value of the
tunction U(r) ond its slope at each node rj.

i& The soiution of Lg (62) requires significant computer
resources for large matricies H and S. AFIT does not possess

cumputer code to take full advantage of the banded nature of

the matricies involved. Over 96% of the members of H and S
are zero, and only half of the 4% non-zero memnbers need be

involved in the sclution due to symmetry.

. A more efficient solution is now presented that allows
the number of operations to be minimized for this problem. N
The generalized eigenvalue problem H z -AS z = 0 is f
transformed to the standard eigenvalue problem X y -Ay = 0. T
AFIT possesses computer code to efficiently solve this
problem.
First, the Cholesky decomposition is used on S since it
is symmetric, positive definite (28:229). A matrix L is
found such that S = L ET. Then the problem evolves as N
follows:
I
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The extrema of E occur when its first derivatives are

zero, that is when:

0 = OE (59)
BZT
0= Hz - (2%Hz)Sz (60)

7z S% (ZTSZ)2

0 = (ZTSZ)HZ - (zTHz)SZ (61)
(ZTSZ)2
0 = Hz ~ AS2z (62)
where A = (gT H g)/(ET S z) = E, the enerqgy eigenvalues. Eq

(62) 1is the generalized eigenvalue problem where S is a
positive definite matrix. Notice that both H and S are real,
band symnmetric matricies.

An alternative approach arrives at the same generalized
eigenvalue problem. The method of Lagrangian multipliers can
be used to impose the normalization constraint (ETg z - 1=

0). Then the problem becomes:

€ = ext{gTﬂg - Mzlsz —l)} (63)

where A is a set of multipliers. Then taking the first

derivative equal to zero
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where H=T

describing

E = ext

70560
10080n%
15840h
~4320n°
23040h
4320n?
11520h
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23040h
~4320n°
12960h
2880n°
12960h
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The problem originally described by Eg

fea
[+
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[19p]
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.
82080 -23040h

158400 -4320n°

147520 -11520h
-11520n  2880n°
50400 -12960h]
11520n -2880h°
61920 -12960h
~12960n  2880h°

~15840h
2

82080
23040h
695520

-70560h

-4320n
_70560h
10080h%

50400 -11520h,

12960h -2880h°

139680 -23040h

2

~-23040n 4320h

-

the system's kinetic and potential energy.

(54)

(55)

(56)

(57)

(21) can now pe

(58)

+ vl + v2 + v3 + v4 is the sum of matricies

Matrix

: . C . a
T is built from the matricies representing I, and the V 's

are built from the matricies representing the 12a's in the

same manner as S was built from Iy in Figure 11-7.
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File XDIA

FR ALL

AS 11=&1

AS 12=g2

AS 13=&3

AS 14=IN14
AS 15=DIARES
AS 16=DIAPOT
AS 17=DIAWAV
AS 99%13

S 613
PR Program DIATOM is now executing . . .
DIA
PR and is now done.
ME

to use enter: XDIA IN11 IN12 QUT13

Fig. III-2. Program Execution Macro

Program DUNHAM

The program DUNHAM calculates energy levels by the
Dunham Eq (1) given in Chapter 11. These level~ may be
needed to execute DIATOM.

DUNHAM accepts up to one hundred coefficients Yij where
i and j range from 0 to 9. These coefficients are used to
calculate up to 676 enerqgy levels T(v,J) (v = 0 to 26; J = 0
to 2¢6) using Egqg (1). All levels may be shifted a uniform
amount so the lowest level T(0,0) is any value the user
desires. The user controls the number of energy levels

calculated with data elements VIBLMT and ROTLMT. These data

elements are the largest allowed values of v and J. The

44

.....
...............

...........
T S T P AR TR RV ST I




number of energy levels written to the output file is limited
by the data element LVLLMT. These levels are written in the
format required by DIATOM.

DUNHAM is composed of the sub-program modules listed in
Table III-1. The Harris routines (noted by a '*') are not
required for energy calculations.

The program flow is presented in Appendix A. The source
code 1s in Appendix B. DUNHAM first calls HDRDUN which uses
BTIME and STIME to keep track of CPU use and how long the
program runs. Then HDRDUN opens the output listing file
(unit 13) and writes the listing header.

RDRDUN is then called to read all input data from unit
11. The input file (unit 11) contains fixed form, key-worded
records (card images) as shown in Figure I11I-3. Data records
are identified by a '>' in column 1. All other records are
ignored as user comments. Each data record must contain a
valid key word in columns 2 to 4. The valid key words and
related data elements are given in Table 11I1-2, The value of
all data elements except HDR must be in columns 6 to 20. The
character string used for HDR must be in columns 6-35. All
real data elements must contain a decimal point. For
example, '>Y10=100' is invalid, whereas '>Y10=100.0' is

valid. Integer data elements may not have a decimal.
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Table I1I-1

Program DUNHAM Modules

MODULE TYPE DESCRIPTION
DUNHAM Main The main module - calculates the
energy levels.

HDRDUN Subroutine Opens output listing file.

BTIME * " Starts CPU use statistics.

STIME * " Starts wall clock use statistics.

DATE * " Returns the current date.

TIME * " Returns the current time.

USERNO* " Returns the user's ID.

RDRDUN " Controls all input.

TRLLON " Closes the output listing file.

ETIME * " Stops CPU use statistics.

WTIME * " Stops wall clock use statistics.
¥ Harris Routines (9)
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F‘ #%%% JEFF + CONRAD’S DATA -- PBO X -- 15 OCT &4
>ROT=0
s PVIE=2S
dLVL=25
. HDR=PBO X state
i >DE@=0.0
>Y00=0
>Y10=722.687
YY20=-3.613

&\—Data Elements
Key Words

oy

Fig. II1-3. Program DUNHAM Input File

Table I1I-2
Program DUNHAM Key Words for Input Data
Data Element
Key Word Type Data Element
VIB Integer Vibrational quantum number - upper
limit.
ROT Integer Rotational quantum number - upper
limit.
LVL Integer Total Number of energy levels to be
written to the output file.
HDR Character A label/comment written to the
output file.
DEQ Real The energy value of the dissocia-
tion limit.
o Yij Real A Dunham coefficient (e.g. Y10 1is |
= the key word for Ylo).
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After returning from RDRDUN, DUNHAM calculates each term
of Eq (1) and adds it to the variable SUM. Once all values
of Eq (1) are collected, the value of the energy level is
transferred to the variable T. After all allowed enerqgy
levels T have been calculated, they are shifted so the
dissociation energy level value is the value input on the
'DEQ' record. The shifted enerqgy levels are then written to
the output file (unit 14) in the format required for DI1ATOM.

Finally, TRLDUN prints the run statistics (CPU use and

execution time) and closes the output listing.

Program EFIT

The program EFIT uses measured transition lines in a
weighted least squares calculation of observed energy levels.
These energy levels are used as input to DIATOM.

EFIT accepts 62,500 transition lines involving 250
energy levels. A maximum of ten electronic states may be
entered with up to 25 levels for each state, These levels do
not have to be the first 25 (v = 0 to 24), but can be any
level as long as they are properly labelled on input. The
user can shift all levels so that the lowest level of the
lowest state has a specified value. Each level calculated is
written to an output tile in the format required by DIATOM,

EFIT is composed of the sub-program modules presented in
Table 1I11-3. The program flow is depicted in Appendix C and

the source code is in Appendix D.
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Table I111-3

Program EFIT Modules

MO DULE TYPE DESCRIPTION

EFIT Main The main module - does the least
squares fit.

HDREFT Subroutine Opens the output listing file.

BTIME * " Starts CPU use statistics.

STIME * " Starts wall clock use statistics.

DATE * " Returns the current date.

TIME * " Returns the current time.

USERNQ* " Returns the user's ID.

RDREFT " Controls all input. )

LVLEFT " Calculates the absolute energy

level number for an energy level
relative to an electronic state.

TRLEFT " Closes the output listing file.
ETIME * " Stops CPU use statistics.
WTIME * " Stops wall clock use statistics :
* Harris Routines (9)
)

T
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EFIT first calls HDREFT which performs the same
functions described for HDRDUN in program DUNHAM.

Then RDREFT opens and reads all records in the input
file (unit 11). The input technique is the same described
for RDRDUN of DUNHAM. The key words are six characters long
and are in colums 2-7 of each record. Table 11I-4 gives the
acceptable key words and related data elements.

Figure 1I1I-4 is an example of a valid input file. In
this example, the first state (STATOl) is the X or ground
electronic state, the second (STATO02) the a or first
electronically excited state, and so on. Notice that data
for the X state vibrationual levels v = 0 to 8 involved in the
following records are indicated by the record keyworded

‘e LVLS01l. Also notice that the b state has only one level
involved (v = 4). Missing levels are allowed. The program
does not require every level to be represented by the data in
the range v = (lowest value) to v = (highest value) for each
state. The record keyworded SHIFTS contains the value of the
lowest level of the lowest state on output. All other levels
will be shifted so this occurs. Transition data is given by
the remaining records key-~worded ABBCDD. These records

contalin the transition line observed (cm”l) and optionally

the least squares weighting factor (0 < w < 1.0) separated by

a ';' for the transition from vibrational level BB of AR

electronic state A to level DD of state C. If the weighting
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Table II1I-4
Program EFIT Key Words for Input Data

DATA ELEMENT
KEY WORD TYPE DATA ELEMENT

STATxx Character A single character symbol for
the electronic state xx; e.g.,
STATOl=x assigns the symbol
"x" to the first state.

LVLSxx Integer A series of integer numbers
(1L or 2 digit) indicating which
energy levels V=7 are involved
in the least squares fit for
electronic state xx symbolized
by STATxx.

SHIFTS Real The value of the lowest level
of the lowest state.

ABBCDD 1;w Real Two data elements - the value
(1) of the transition observed
between vibrational level BB
of electronic state A and level
‘e DD of state C and its weighting
factor (W=0 to 1.0). The two
values are separated by a ";".

RN
>1 NS
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AR

*% % This 15 an input t1le faor EFIT

* %%
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XA

*%% This ftile contains Ritchey's data for Pb + 02(3sigma) pP9. 45

2L

YSTATOL=X

)STATOZ=a . . .
Electronic state a contributes

YSTATO3=p

>ETATOG=A 10 levels, v=0 to 9, to the

 CTATOS=B least squares fit.

YETATO6=C

MWVLSO1=0 1 2 3 4 5 6 7 8

JYLVLS02=0 1 2 3 4 S 6 7 8 9

YLVLSO03I=4 <&————————~\1~___

JLVLS04=0 1 2 3 4 6 8 .

. No data will be entered for

JLULSOS=0 L 2 3 4 S =

, e state b levels v=0 to 3 or

LVLS06=0 t th N

YEHIFTS=-30854. 15 vV greater than %.

>aB8X00=19%84.49
;aD7X00=19154.2
2a06X00=18702.4
Ya0SX00=18257.2

>a09XxX03=176883. 0.‘_/—\
- a04X00=17801.5 The transition line observed

s

7a05X01=17539, 2 between state a v=4 and state
Ya03X00=17334.6 X v=0 1is 17801.5 inverse cm.
>@04X01=17084. 1 Weighting factor defaults to 1.

db04X08=12416.5
JA0BXO01I=22483.9
YA06X01=21675.0
YA04X00=21519.3
JA03X00=21047.8
JA06X02=20942.0

Fig. III-4. Program EFIT Input File
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factor is missing on input it defaults to 1.0, the highest
weighting allowed. The order of the keywords is important
and should match that given by Figure III-4. For example,
the LVLS01l record can not occur before STATO1l record.

Control now passes back to the main module. EFIT builds
the matrix A (Figure II-3) of the least squares equation A X
= b. A is stored in full matrix storage mode such that A(I,J)
corresponds to Ay The matrix b is built next. Then the
problem is changed to Ly = b where A = L LT and y = ET X by
the Cholesky decomposition Eq (10). The solution, y, is
tound through Eq (12) and transformed to X by Eq (15) after a
consistency check is made (Eq (13)). The matrix x contains
the unshifted enerqgy levels., Then all levels are shifted so
the lowest level is at 0. The levels are then written to the
cutput listing. Finally, they are shifted again so that the
lowest level is at the value input by the SHIFTS records.
These final energy level values are written to an output file
suitable for DIATOM.

A possible source of confusion is the energy level
labelling used by EFIT. EFIT gives each level an absolute
level number, while also maintaining a level number relative
to the electronic state for the user's convenlence. This is
illustrated in Table I11-5. EFIT uses absolute level numbers

in array references and calculations.
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lable II1-5

Relative and Absolute Energy Level Numbering

STATE STATE RELATIVE ABSOLUTE
NUMBER SYMBOL NUMBER NUMBER
01 X 1 1

2 2
3 3
02 a 1 4
2 5
03 b L 6
o4 A 0 7
1 8
2 9
3 10
L 11
8 12

Program DIATOM

The program DIATOM finds a set of parameters for the
potential energy wmodel that best fits the observed energy
levels in a welghted least squares sense. Then DIATOM finds
the normalized wave functions for the calculated energy
levels, These wave functions are needed for the program
FCFACT.

The execution of DIATOM may be modified by keyworded
records 'RM' and 'kKW'. 1f RM = 1, DIATOM finds the potential
energy parameters that best fit the energy levels. If RW =
1, D1ATOM calculates the wave functions.

DIATOM accepts up to 25 observed vibrational energy
levels for a cpecific electronic state. However, these

levels must be consecutive and start at v = 0. Missing

54

P UL PR PR
‘.t IO AT T T S et e
P W WA P G ) v >

. " .
LI A . VL LR Y

[
5




levels may be marked by assigning it a value of zero. Then
no comparison is made by DIATOM to the calculated value. The
grid used by DIATOM may have up to 100 steps (101 nodes).
The potential energy model may use up to ten constants and
ten parameters. Each parameter is associated with an upper
and lower limit.

DIATOM is composed of the modules listed in Table III-6.
The program flow is presented in Appendix E and the source
code 1s in Appendix F.

DIATOM first calls HEADER which performs the same
functions HDRDUN of program DUNHAM performed.

Then READER opens and reads all records from the input
files (unit 11, 12, and 14). The input technique described
for RDRDUN of program DUNHAM applies. Unit 11 contains data
that control the execution of DIATOM. Valid key words and
data elements are listed in Table I1I1I-7. The keywords must
be in columns 2-3. An example of a valid unit 11 input file
is given in Figure I11-5. Records key worded 'Cx' contain
constants used by the potential energy model. Records key
worded 'Lx', 'px', and 'Ux' contain, respectively, values of
the lower limit, initial value, and upper limit of a
potential energy paramcter.

Unit 12 contains data related to the observed energy
levels., Valid key words and data elements are given in Table

1I11-8, and an example of a valid unit 12 input file 1is
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Table II1-6

Program DIATOM Modules

MODULE TYPE DESCRIPTION
DIATOM Main The maln program module.
HEADER Subroutine Opens the output listing file,
BT IME * " Starts CPU use statistics
STIME * " Starts wall clock use gtatl tics.
DATE * " Returnys the current date.
TIME * " Returng tne current time.
USERNO * " Returng the user's ID.
RiZADLEK " Controly all input.
MINUM " Finds the winimum of IPUN.
FUN Function The sum ot weighted residuals
. squared.
POTENT Subroutine Returns potential energy value
and slope.
b TGEN " Solves Hv - Sv = 0. T
SETL " Cholesky decomposition § = LL.
FOLDZ " Finds Z where H = LZ -
FOLDX " Finds X where X = 2LI-1.
EHOUSS 4 " Changes X to trldldponal torm,
EQKRT1S # " Finds eigenvalues of tridi-
agronal X.
EQRTZ2S  # " Finds eigenvalues and eigen- -
vectors ot tridiagonal X. -
BHOBKRS  # " Finds eigenvectors of X from
those of tridiagonal X.
UNFOLD " Finds eigenvectors v from those
ot X.
PUTRND " Stores rundow number genera- ,
tor values, -
WaVl " Finds the wave functions,
[Csceu # " Fits a cupic spline to a function.
NUKRMAL " Normalizes the wave functions.
VMULQEF  # " Matrix multiplication.
VLHULFF # " Matrix multiplication,
r UTWAV " Stores wave functions in a
rile.
ouTPUT " Writces outpul listlng and
da ta.
Gre'TPUT " ’ Calculates 10O0VO potential ener-
oy valuceu,
PRNTER " Creates the listing.
PLTRES " Creates reusidual plot file.
PLTPOT " Creates potential plot file.
THRAILK " Closes tne output listing file.
ETIME * " Stops CPU use statistics.
Wil IME * " Stops wall clock use statis-
tics.,
* Harris Routines (9)
# IMSI, Routines (11)
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Table II11-7

Progsram DIATOM Key Words for Input Data - Unit 11

KEY WORD TYPE DATA ELEMBENT

BG Real The leftmost (beginning) mode of
the grid.

EN " The right most (ending) mode of
the grid.

NE Integer The number of grid elements
(steps).

13 " The number of steps MINUM may
take.

Ip " The modulus ol the steps at
which MINUM printing is required.
If neirative no information is
printed.

JR " Random step frequency (MINUM)

JG " Gradient step frequency (MINUM).

JA " Average step frequency (MINUM).

JJ o Jump step frequency (MINUM).

FR " A flag for creating residual
plot file (FR=1 yes; FR=0 no).

Fp " A flag for creuting potential.

Riv Inteser A flag controlling execution of

MINUM., 1If RM=1, MINUM is used.
If RM=0, MINUM is not used.,

RW o A flag controlling execution of
WAVE. If Rw=1l, WAVE 1s used.
If RW=0, WAVE 1is not used.

HiB3 Real The value of Planck'ss Constant h.
MU " The molecule's reduced mass.
Cx " "x" = 0 to 9. The value of one

of 10 constants available to the
potential energy model.

Fx " "x" = 0 to 9. The initial value
of one of ten paramenters avail-
able to the potential model.
MINUM changes these.

Lx " Lower 1limit of Px.

Ux " Upper 1limit of Px.
A
o
~ 1
<
B
."ﬁ
-3
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CLCFCF builds the matricies of Figure I1I-11 and multiplies
them in a manner similar to that used by NORMAL of DIATOM.
The matrix product is the inner product between the
normalized wave functions. This product is squared and
stored in the two dimensional array FACTOR as the Franck-
Condon factor.

OUTFCF prints the Franck-Condon table in two sections
after the first loop is done. Then, TRLFCF stops the run

statistics and closes the output listing file (unit 13).

Program Relationships

The programs DUNHAM, EFIT, DIATOM and FCFACT are related
as shown in Figure II1I-11. The user may use DUNHAM, EFIT, or
some other source of energy level data to build the input
file (unit 12) for DIATOM. DIATOM in turn builds one of two
input files for FCFACT. The second FCFACT input file is
built by running DIATOM for a different electronic state (a

new set of energy levels and potential parameters).
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JLABL=Single Harmonic Oscillator

>S 1 0.000000 0. 000000 0.000000 0.1273469
>S 2 0.000000 0.000000 0.6157434E-02 0.3838401E-03
>S 3 0.000000 0.4908163E-01 0.3638484E-02 0.2596939
>S 4 -0.3638484E-02 -0.2878800E-03  0.000000 0.7676B01E-03
’$ S 0.000000 0.4408163E-01 0.3638484E-02 0,2546939
’S 6 -0.36384BAE-02 -0.2878600E-03  0.000000 0.7676801E-03
’S 7 0.000000 0.94908163E-01 0.35638484E-02 0.2546939
'S 8 -0.363B484E-02 -0.23/8LO0E-03  0.000000 0.767&801E~03
'S 9 0.000000 0.44908163E-01 0.3438484E-02 0.2546939
’S 10 -0.3638484E-02 -0.2878800E-03  0.000000 0.7676801E~-03
S 11 0.000000 0.94908163E-01 0.3638484E-02 0.2540939
>S 12 -0.3638484E-02 -0.2376800E-03  0.000000 0.7676801E~03
‘S 13 0.000000 U.49408163E-01 0.363B4894E-02 0.2536939
7S 149 -0.3638984L -02 -0.2878800E-03  0.000000 0.7676801E-03
-5 1% 0.000000 0.49408163E-01 0.3638484E-02 0.2546939
’S 16 -0.3638484E-02 -0.2378800E-03  0.000000 0.7676801E-03
‘S 17 0.000000 0.4408163E-01 0.3638484E-02 0.2596939
5S 18 -0.36389484E-02 -0.2378800E-03  0.000000 0.7676801E-03
»S 19 0.000000 0.4408163E-01 0.3638484E-02 0.2546939
'S 20 -0.3638484E-02 -0.2878800E-03  0.000000 0.7676801E-03
S 21  0.000000 0.4908163E-01 0.3638484E-02 0.2546939
"6 22 -0.30384y4E-02 -0.2378800E-03  0.000000 0.7676801E-03
'S 23 0.000000 0.44081&3E-01  0.3038484E-02  0.2546939
“¢ 24 -0,3638484E-02 -0.2378300E-03  0.000000 0.7676801E-03
'S 29 0.000000 0.4908163E-01 0.3038484E-02 0.2546939
1€ 26 -0.7638489E-02 -0.2378800E-03  0.000000 0.7676801E-03
»3 27 0.000000 0.44908163E-01 0.3638484E-02 0.2546939
’S 2¢d -0.2638484E-02 -0.2878800E-03  0.000000 0.7676801E-03
* }- Matrix S Data
'L &9  0.000000 0.9403163E-01 0.363B484E-02 0.2536939
.S 70 -0.3638484E-02 -0.2878800E-03  0.000000 0.7676801E-03
$ 71  0.000000 0.4408163E-01 0.3638484E-02 0.1273469
36 72 -0.3638484E-02 -0.2878800E-03 -0.6157434E-02 0.38384901E-03

SRR R c .
PV WL WU R JRP S S W T P P

-0.1293732E-10
-0.2054230E-09
-0.8461519E-10
-0.1223209E-08
-0.19591142E-09
-0.3602338E-08
-0.467%904E-0Y

‘\ Eigenvector Data

COCO0O000O0
NDUDUN-

Fig., III-10. Program FCFACT Input File
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Valid key words (columns 2-5) and data elements are
listed in Table 1I1-11. An example of a valid input file for
units 11 and 12 is given in Figure 11I1-10. The 'LABL' record
contains a 72 character label of the wave function set. All
records with a "S" in column 2 contain data belonging to the
matrix S of gg S ¢z7. The "SXXX" record contains the “Xxx"
row of matrix S in band symmetric form. The key word of the
remaining "XXXX" records is the energy level number. Columns
6-9 contain a sequential record number relative to the energy
level. Columns 10-24 contain the value of the eigenvector
corresponding to the number in columns 6-9.

Next, FCFACT sets LUNIT = 12 and calls RDRFCF to read
all data concerning the upper (v') state.

The Franck-Condon factors are calculated by CLCFCF which

is called for each combination of wave functions.

Table II1I-11
Program FCFACT Key Words for Input Data
KEY WORD TYPE DATA ELEMENT

LABL Character A 72 character label of the
wave function set.

"Sxxx" Real 4 values belonging to the
"xxx" row of matrix S
in band symmetric form.
(e.g. "S011" contains
s(11,1), s(11,2), s(11,3),
and S(11,4)).

"XXXX" Real "XXXX" = "1" to "25". The
data for energy level "XXXX".
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Table II1I-10

Program FCFACT Modules

MO DULE TYPE

FCFACT Main The main module.

HDRFCF Subroutine Opens the output listing file.

BTIME * " Starts CPU use statistics.

STIME  * " Starts wall time use statis-
tics.

DATE * " Returns current date.

USERNO * " Returns the user's ID.

RDRFCF " Reads one set of wave
functions.

CLCFCF " Calculates the FCF for two
wave functions.

OUTFCF " Prints the FCF table.

TRLFCF " Closes the output listing
file.

ETIME  * " Stops CPU use statistics.

WTIME  * " Stops wall time use statistics.

* Harris Routines (9)
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Finally, TRAILR stops the run statistics and closes the

output file.

Program FCFACT

Program FCFACT computes the inner product given by Eg
(75), (Franck-Condon factors) for two sets of wave functions.
Each wave function set is the output of one run of DIATOM.

FCFACT expects both input files (units 11 and 12) to
have identical matricies S and 25 (v = 0 to v = 24) sets of
wave function data. Both sets must be related to an
identical grid in DIATOM. FCFACT builds a 25 by 25 table of
Franck-Condon factors.

FCFACT is composed of the sub-program modules listed in
Table I111-10. The program flow is presented in Appendix G,
and the source code is in Appendix H.

FCFACT first calls HDRFCF which performs as HDRDUN of
DUNHAM did.

Then FCFACT opens units 11 and 12, sets the variable
LUNIT = 11, and calls RDRFCF. This causes RDRFCF to read all

data concerning the lower (v") state.
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where wi is the weighting factor (0 < w < 1) associated with
Ej-

Control 1is passed to PUTKND after MINUM finishes.
PUTRND stores the current values of the random number
generator seeds for next time DIATOM is executed.

Next, WAVE finds the normalized wave functions
(eigenvectors) for each calculated energy level (eigenvalue).
First, the wain module sets JOBN = 1 before WAVE is called.
Then WAVE calls FUN using the "best" parameters found by
MINUM. This causes the eigenvectors of the standard
eigenvalue problem (Eg (65)) to be computed. WAVE also
writes the matrix § tounit 17 for the program FCFACT.

Then NORMAL uses IMSL routines VMULQF and VMULFF are
used to multiply the matricies of Eq (77), and the
normalization factor N (Eq (81l)) is computed. Then the
normalized value of the wave function is computed. PUTWAV
then stores the eligenvectors (wave functions) in unit 17
using the format required by program FCFACT.

Then, OUTPUT calls GETPOT to calculate the value of the
potential energy model at 1000 points along the grid. These
values can be used for plotting the potential. PRNTER writes
the potential values, parameters, and energy data to the
output listing., OUTPUT also uses PLTRES and PLTPOT if DIATOM
was directed to create plot files of the residual (unit 15)

and potential (unit 16) data (FR = 1; FP = 1).
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Then the generalized eigenvalue problem Eq (62) is
solved when FUN calls EIGEN. EIGEN first calls GETL to
decowpose the matrix S by Eq (10). Then EIGEN uses FOLDZ and
FOLDX to implement Lqg's (67) and (69). This 1is how the
generalized eigenvalue problem is transformed into the
standard eigenvalue problem Eq (65). The symmetric matrix X
of the standard eigenvalue problem is changed to a symmetric
tridiagonal matrix T by IMSL routine EHOUSS (11) using
Householder's transformation (13). Then the lowest 25
eigenvectors of T are found by IMSL routine EQRT1S (11) using
a QR transformation with a Newton shift (18). If JOBN =1,
the eigenvectors of T are computed by the QR method (1) using
IMSL routine EQRT2S (11). The eigenvectors of X are found

‘e from those of T by IMSL routine EHOBKS (11), (13).

Next, UNFOLD recovers the eigenvectors of the
generalized eigenvalue problem Eq (62) from those found by
FUN.

FUN then compares the eigenvalues | and the observed

energy levels Ey by computing a residual (variable RESID):

(\; - Ey) for Eg #0
RESID(I) = (78)
0 for EI =0
Then the weighted sum the residuals is computed as FUN:

25 o 2
FUN = 32 (w5 x RESID(i)?) (79)
i=1
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The varianle JOBN controls calculation of eigenvalues
(JOBN = 0) or eigenvectors (JOBN = 1). DIATOM initially sets
JOBN = 0 since the eigenvectors are not needed until the best
parameter set has been found by MINUM. MINUM is a routine
written by Pearson and Williams (15) that computes the
minimum of a real function FUN. FUN is a function of ten
potential energy parameters which must be scaled so each
range from 0 to 1.0. MINUM may be replaced by any non-linear
minimization routine, MINUM takes random and statistically
derived "best guess" steps and jumps through FUN's parameter
space.

The function FUN first builds the matricies H and S of
Eq (58). FUN calls POTENT once for each grid element in this

!‘* process. The matrix H is stored in symmetric mode as a one
dimensional array of length n(n + 1)/2 where n is the order

of the matrix. The matrix element Hi‘ is the kth element of

]
the array where k = (i(i - 1)/2) + j. Due to symmetry, only
the lower triangle of H (i > j) is stored. This 1is
illustrated in Figure 1I11-8. Matrix S is stored in band
symmetric mode, illustrated in Figure I111-9, in a two-

dimensional array. Only the elements on the main and sub-

diagonals are stored. The matrix element Sij (1 =1¢ton; j

=i, (1 -1), (i -2), (i - 3)) is store! in the k, 1t
element of the array where k = 1; 1 = 4 = (i - 3j); and j = (k
+ 1) - 4.

62

-t




-~ — " e " e
N N B : * M MRS . ~ - -t - M WA - LS N Rl i e . aelen ) v Ky ~ ~ By

A |
-4
’ -
]
Table II1-9
{] Program DIATOM Key Word ]
. Input Data - Unit 14
o KEY WORD TYPE DATA ELEMENT

U Integer *6 Starting random
number seed.

i IX " Fixed random
' number multi-
plier (IX=131075).

3 I3 33 T3 333 33 3369096 3 3 369 3 3 9363 396 3 396 9 36 939636 I 3 3 3 3 39K 3K K K I He I 90 %9 %3 ¥
t 2 3 Seeds far a random number generatar in MINUM

L2 3 2 called by program DIATOM

T3 33 3336963 936K 363 369626 3903 36 369096 36 K 9636 36 36 I6I6 3 26963 I K 3263 3 F 96 F W26 F I3 936 9 33 33
JIu= 51313486833247

»IX= 131078

Fig. III-7?. Program DIATOM Input File - Unit 14
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% Single Harmonic Oscillator

* 24 Aug 84

>LBL=S1nyle Harmaonic Oscillator
»Vv00=1.0

>v01=3.o‘/(——The v=3 level is not observed

YW02=5.0 and must be entered as 0.
»V03=0.0
»V04=9.0
YVOB=11.0
»V06=13.0
YWO07=15.0
»V08=17.0
YW09=19,0

>V10=21.0

U000 NDVO

*TZ—— The v=8 level is weighted

6 tenths of the other
levels (v=0 to 4) which
default to 1.0.

Fig. III-6. Program DIATOM Input File - Unit 12

are entered starting a v = 0 to 4 and v = 6 to 13, then 14
records 'Vxx' must be entered 'xx' = '00' to 'l3'. Record
'VO5' must be zero since no level was observed for v = 5.
This level will not be used in the energy level fits and
serves only as a place holder.

Unit 14 contains values used as seed numbers for MINUM's
random number generator. DIATOM replaces the seed values
with new values every run. Therefore, the user need only
supply this data when the program is first put on the
computer. At this time both may be set to 131075. Valid key
words must be in columns 2-3 and are listed in Table III-9.

An example of an input file is given in Figure IIl-7.
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Table I11-8

Program DIATOM Key Words for Input Data - Unit 12 g

KEY WORD TYPE DATA ELEMENT
LBL Character A 72 character label

used for the wave
function output file.

Vxx e;w Real "xx'" = "01" to "10".
Two data elements.
Pirst is the value -
v of the observed energy
(e) level xx. Se-
cond is a weight-
ing factor (w = 0 to
1.0) applied to that

° level separated by
a n,n

presented in Figure II11-6. Keywords must be in columns 2-~4.
The character string contained in the 'LBL' record is used to
label the wave function output file (unit 17). Each 'Vxx'
records contains the observed enerqgy value and, optionally, a
welghting factor (0 < w < 1.0) for the energy level v = 'xx'.
The units of the energy level must be the same used for the
values of Plancks constant h (record 'HB' in unit 11) and the
system's reduced mass B (record 'MU' in unit 11). The energy
; level value and the weighting factor are separated by a ';'.
The weighting factor defaults to 1.0 if it is not entered.

The 'Vxx' records must be consecutive in ‘'xx'. If 13 1levels

..................
----------------------
..................................................................
.....................................
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* 24 Aug 84

YBG=-6.0

YEN=&.0

YNE=90Q

YIS=1

YIP=1

>IR=S

>IG=1

>IA=S

>3I=4

YFR=0

YFP=0 MINUM is not allowed to run.
YRM=0 /-—

)RW=1 ==——— WAVE is allowed to run.
YHB=1.0

YMU=1.0 .
- Potential Energy parameter 1
::i=;':9522;-starts at 2.0 and may vary
. SUL=2.01 from 1.99 to 2.01

>L2=-0.02
»P2=20.0
2U2=0.02

3
?h % Single Harmonic Oscillator

Fig. III-5. Program DIATOM Input File - Unit 11

58




IV. Results and Discussiohn

This section consists of three parts. The first two
parts present the validation of the programs DIATOM and
FCFACT. Then a CPU use benchmark is presented of the program
DIATOM in the third part. The programs DUNHAM and EFIT were
tested against several sets of hand calculations. These
programs were found to be accurate to within the number of
significant digits supported by single precision computer

operations. These results are not presented.

Validation of the Program DIATOM

The program DIATOM was tested against the analytic
solutions of the single harmonic oscillator. The harmonic
oscillator was chosen since the lower vibrational states of
most diatomic molecules are nearly harmonic. The analytic
energy levels and wave functions of the harmonic oscillator
are presented in Appendix J.

DIATOM was tested using atomic units where h = g = 1.

The potential energy model chosen was:

Vir) =P YR (80)

The¢ parameter p; 1s related to the scaling constant @ of

Appendix J by:

py = (ha)? (81)




and to () and p by:
P, = SHW (82)

The parameter p, merely shifts the minimum of the potential
curve, This parameter was used to make the problem of
tinding the correct parameter set (pj,pp) more difficult for
MINUM.

The solution of the wave equation by DIATOM shall be
referred to as WAVE. This means that the input records RM=0
and RM=1 were used in unit 11. The use of DIATOM to search
through the parameter space to find the correct parameter set
15 referred to as MINUM. This means that unit 11 contains
the records RM=1 and RM=0. WAVE was tested first.

The WAVE version of DIATOM was executed with p; = 2 and
p, = 0. This means that Q& is one and & is two. Then a
variety of grid resolutions were used. Each grid started at
r = -6 and ended at r = 6., The number of elements in the
grid were varied from five to ninety. The results of these
tests are presented in Tables IV-1, 1V-2, and IV-3,

The energy eigenvalues for the analytic and numeric
(Calculated by DIATOM) cases of 25, 50, 75, and 90 element
grids are presented in Table IV-1., Notice that the numerical
eigenvalues approach the analytic eigenvalues as the grid
becomes finer. The solutions of DIATOM converge to the

analytic solution as the grid element size becomes smaller.
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Table IV-1

Ahalytic vo. Numeric Eilcenvaluegs
ol the Single Harmonic Oscillator

NUMBER OF GRID ELEMENTS

Akl Bul JinrRaRraleare

ANALYTIC 25 50 75 90
1.0 1.000013 1.000000 1.000000 1.000000
3.0 3.000106  3.,000002 4, 000000 3.000000
5l S.000031 0 5,000011 5, 000001 5.000000
Yl YL.00L212  7.000032 '/ 00000 . 00000 L
9.0 9.002718  9,000077 9., 000008 9.000003
11.0 11.00511 11.00016 11.000u2  11.00001
13.0 13.00931 13.00028 13.00003 13.00001
15.0 15.01265 15.00047 15.00005 15.00002
17.0 17.02656 17.00073 17.00008 17.00003
19.0 19.01727 19.00108 19.00012  19,00004
21.0 21.,07060 21.00153 21.,00018 21.00007
23.0 23.01505 23.00211 23.00025 23.00009
25.0 25.12566  25.00282 25.000734 25.,00013
27.0 27,069 27.00368 27000045 27.00017
29,0 2911559  29,00471 245.00059 29.00022
31.0 31.19916 31.00593 3L.00075 31.00028
33.0 33.18257  33.00734 33.00094 33.00035
35,0 35,22109  35.00898 35.00118 35,0000
37,0 37.32730 37.01085 37,0011 37.00054
39,0 39, 37048  39,01297 39,00171 39.00065
41.0 b1.39660 H1,01537 41.,00205 41.00078
L3.0 h3.50121 43.01805 73,0024 3 4°3,00093
5.0 h5,62668 45,02107% 45.,00285  45,00110
4,0 L7 ,70044  47,02432 L47,00332  47.00127
49.0 L9, 736 49.,02793 49,00380  49,00144
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Table IV-2

An Overview of Eigenvalue Accuracy

NUMBER OF CALCULATED EIGENVALUES
WITHIN X% OF ANALYTIC VALUE

NUMBER OF CPU

GRID STEPS SEC. 0.005% 0.01% 0.05%4 0.1%
5 1.9 0 0 0 0
10 3.3 0 0 1 1
15 5.2 0 0 3 3
20 9.0 1 2 3 5
25 14,2 2 3 6 10
30 17.0 3 5 9 12
35 25.0 L 7 12 16
Lo 35,6 6 9 15 20




NUMBER OF

GRID STEPS

10
20
30
10
50
60
20
80
90

Table IV-3

An Overview of Wave Function Accuracy

%

v=0 v=8 v=16 v=24
0.70 * * *
0.14 * * *
0.03 4,40 * #
0.01 1.18 Solly #
0.005 0.47 1.91 4,82
0.002 0.22 0.86 2,05
0.001 0.12 0.45 1.03
0.001 0.07 0.27 0.59
0.005 0.05 0.17 0.3

3

AGREEMENT BETWEEN WAVE FUNCTIONS AT r=0

The «corresponding eigenvalue did not
meet the 0.1% accuracy criteria.
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This 1s expected since the problem was constructed for
convergence (17:114-115).

Table IV-2 is an overview of the accuracy obtained for
grids of different resolutions. DIATOM computed the 25
lowest energy eigenvalues to better than or equal to 0.005%
for a grid of 90 elements (r = -6 to 6). On the other hand,
all 25 eigenvalues were computed to within 0.1% accuracy for
a lower resolution grid of 45 elements (r = -6 to 6). The
higher resolution grid is over 26 times more expensive
(1377.8 vs. 51.3 CPU seconds) to use than the lower
resolution grid. This is the trade off the user must come to
terms with. The computation cost must be considered when
specifying the desired accuracy.

Table IV-3 presents an indication of the accuracy of the
wave functions calculated by WAVE (DIATOM). The approximate
wave functions vary the most from the analytic wave functions
at the center of peaks or troughs. Therefore, the wave
functions are compared at r = 0, the middle peak or trough of
the even (v = 0,2,4,...) wave functions. This comparison is
only an indication, not a true measure of the wave function's
accuracy. No value was given in Table IV-3 if the accuracy
of the eigenvalue was greater than 0.1%, or if the wave
function did not have the correct form. Again, notice that
the approximate solutions calculated by DIATOM converge to
the analytic solutions as a finer, more expensive grid is

used. Also notice that the more accurate wave functions are
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the lower state wave functions. In all cases the v = 24 wave
function was the least accurate. The best accuracy obtained
for v = 24 at r = 0 was 0.37% while 0.005% accuracy was
obtained for v = 0. Better accuracy should be possible with
a grid of more than 90 elements.

The v = 0, 3, 7 and 9 wave functions are plotted in
Figure 1V=-1. The dotted line is the analytic wave function
and the solid line is the numeric wave function for a 65
€lement grid. Each numeric wave function varied no more than
0.3% (in the sense previously discussed) in absolute value
from the analytic wave function. The v = 0 and 7 wave
functions differ from the analytic by a minus sign. This is
an artifact of the QR method used by the IMSL eigenvalue
routine EQRT2S. Each eigenvector is unique to within a minus
sign (11). The inversion of a wave function is of no
consequence though, since the Franck~Condon factor depends on
the square of the inner product.

Next, DIATOM was tested using MINUM (RM=1, RW=0) to see
it the correct potential energy parameter set could be found.
DIATOM was run four times in this manner using the parameters
and search limits of Table 1IV-4. After the fourth run, MINUM
chose the parameters P; = 2.0004 and py = -0.002. These
values are close to the correct values of p; = 2.0 and py =
0. A closer fit is possible by running MINUM (DIATOM) again

with a narrower search region and more grid elements.
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Figl IV-1d.

v = g

Selected Analytic and Numeric Wave
Functions of the Single Harmonic Oscillator
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Table IV-4

Test Runs of DIATOM Using MINUM
Correct Set Pl=2.0 P_-0.0

Z
RUN KEY WORDLD
NUMBER RECORDS RESULTS
1l Ni=-20 Chosen sets Pl:l.9863
15100
Pl:=2.5 P2=O.0221
L1:=0.1
UL-5.0 5
P2=0.,0 Sum of residuals squared = 1.6 x 10
L2=-10.0
U2=10.0
2 * P1=1.98 Chosen set: Plﬁl.9800
L1=1.90
Ul1=2.10 P2=O.0200
$2=0,02 _3
L1=-0.02 Sum of residuals squared = 7.8 x 10
U1=0.03
3 * NE=30 Chosen set: Pl:Z.OOGl
P2:—O.Ol96
Sum of residuals squared = 6.1 X 10—4
L * NE=40 Chosen set: P, =2.0004
1S=50 1
Itz 006 PZ -0,001Y
L1=1.99 6
Ul=2.01 Sum of residuals squared = 8.8 x 10
12=-0.01
L2=-0.02
Uz2=0.02

* All other parameters the same as the previous
run,
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DIATOM appears to be capable of solving the wave
equation accurately. The level of accuracy depends on the
grid used. Also, DIATOM seems to be able to find the best
set of potential energy parameters for the system ot
interest.

DIATOM is best used in a two step process. First, low
resclution grids and large numbers of steps through MINUM are
used to narrow the search region tor each parameter. Then
the resolution of the grid is increased while parameter
limits are reduced until an acceptable fit of energy levels
is achieved. Then MINUM is turned off and the anumber of grid
elements increased so DIATOM can calculate accurate wave

functions.

Validation of the Program FCFACT

The program FCFACT was tested only on the wave functions
of the same harmonic oscillator problem. True Franck-Condon
fuctors were not calculated since the wave functions used all
came from the same potential. Therefore the factors computed
by FCFACT were the square of the inner product <¢i;$j> (1 =0
to 24; j = 0 to 24). For true Franck-Condon factors, ¢i and
Wj would belong to different potentials. Also, each set of
wave functions would be calculated by runs of DIATOM.

The square of the inner product was as expected since
the harmonic oscillator wave functions are orthogonal. If i

= j then the inner product is 1.0. Otherwise it is zero.
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These results were achieved with a grid of sixty elements.
The square of the inner product was non-zero (.001 to .007)
between high vibrational wave functions (v > 15) for a 45
element grid.  These non-zero values occured only between ¥
and {4 when 1 = j + 2.

The square of the inner product was also computed using
Simpson's integration rule over 1001 points for v = 0 to 9.
The spline coefficients were used to interpolate the 1001
points along the grid. All Simpson's rule values agreed with
those of FCFACT.

The non-zero values arose since the numerical wave
function only approximates the analytic wave function. The
approximation could be made worse if a bad cubic spline fit
is made to the numerical wave function. Still though, FCFACT
gives good results for high resolution grids of 60 elements

or more.

Program DIATOM Benchmark

Many runs of DIATOM were made in order to characterize
its CPU time requirements. These runs are summarized in
Table IV=-5. The typical CPU requirements of the harmonic
oscillator are presented. The first column indicates how
many grid elements were used. Each grid began at r = -6 and
ended at r = 6. The second column indicates how long the
program took to solve the wave equation (RM=0, RW=1). MINUM

was not allowed to run for this data. The third column
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Table IV-5

An Overview of Program DIATOM's CPU Use

——=-RM-:1, KW=0, IS=l----
NUMBER OF  ~-KM O, Rw=1--  TOTAL ONE PASS  OVERIEAD
GRID ELEMENTS TOPAL CPU SEC  CPU SEC  CPU SEC  CPU SEC

5 1.9 1.83 0.11 1.72
i 10 3.3 2.6k 0.31 2.33
u 15 5.2 3.99 0.064 3.35
F" 20 9.0 8.18 1.1k 7.04
25 .2 12,24 1.82 10.44
t 30 17.0 12.40 2.75 9.65
'{. 35 25.0 17.05 3.98 13.07
L 4o 35.0 2k, 5k 5.84 18.70
4y 51.3 L5,86 11.15 .72
. 50 76,2 160, 64 39.83 120.51
55 Llel.l 3694735 92.05 27730
60 1804 994 48 120.03 814.45

o
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contains the CPU time required for DIATOM to run when MINUM
was allowed only one step (RM=1, RW=0, 1S=1). The fourth
column contains the CPU time between calls of the function
FUN by the subroutine MINUM. This is the approximate time
for MINUM to take one step, and is referred to as the "one-
pass" time. The fifth column contains the remainder of the
CPU time for DIATOM to run. This is the overhead associated
with the rest of the program and is referred to as the
"overhead" time.

To approximate how long a run of DIATOM will take (RM=1,

RW=0) use:

CPU time = (overhead time) + IS(one-pass time) (83)

where IS is the number of steps MINUM is allowed to take. Egq
(83) calculated the CPU time to within 30 seconds for the

runs of DIATOM discussed previously.
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V. Summary and Recommendations

Summary

Four programs were written to be used as a set to
calculate the Franck-Condon factors between two electronic
states of a diatomic molecule., The tfactors calculated are
for v = 0 to 24. These programs are DUNHAM, EFIT, DIATOM,
and FCFACT. DUNHAM calculates approximate energy levels
using the Dunham equation (Eq (1)) and coefficients. Program
EF1T uses a least squares technique to find a set of energy
levels represented by spectroscopic data. Both programs are
used to build the input file for DIATOM. This file contains
the observed energy levels to which the MINUM portion of
DIATOM will fit a potential energy curve. DIATOM uses a
finite element technique to solve the wave equation and
calculate wave function values. These wave function values
are used by FCFACT to calculate Franck-Condon factors.
DIATOM has derived very accurate wave functions for the
single harmonic oscillator. Also, FCFACT has calculated the
proper Franck-Condon factors betwecen these wave functions.
This program set promises to be an inexpensive and accurate
alternative to the RKK-IPA program set. However, it still

needs testing and modification.
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Recommendations

l. Rewrite DIATOM to solve the wave equation in
dimensionless form. This reduces the chance of mathematical
operations exceeding storage limits (underflow/overflow :}5
errors) of the computer. Also by adding a small unit o
conversion subroutine, the user could use whatever units
desired.

2. The execution time of DIATOM can be reduced by -
finding faster eigenvalue routines. Specifically, Dr.

Shankland has written one routine which should be
investigated, and used if faster than IMSL's EQRTI1S. -

3. DIATOM and FCFACT need to be tested against the

analytic solutions of the Morse potential wave equation.

This should be done as this work did for the single harmonic e

L)

oscillator.
4. Compare the results of this program set and the RKR-
IPA set for lead-oxide and lithium hydride. The RKR-IPA S
results are available in Pow's work (16). '
5. Move the program set to the DEC VAX 11/780 and run
under the UNIX operating system. This version of the
programs would be more transportable since both DEC equipment

and the UNIX operating system are popular in laboratories.
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Appendix A
Program DUNHAM Flow

WEADER,

START
DUNKAM

/

HORDUN

CALLS : RTME
AT ne
DATE

TIME
USEANG

N\

DRDUM
1&3‘5 'w.?w\'

from unik \

INPuT FLE

TWUT DATA

!

CALCULATE
ENERGY LEVELS
Aubd STORE N
T

SHIFT ENERGY
LEvalS BY
SHFET

y

Sl FTED
ENERGY

LEvaLS

PRAGBT THE
ENERGY LEVEYS

UNAT W

SUAPTED

ENERGY ouTRur FILE

y

RN
STAT\STICS

TRUDUN

CALLS: ETiME
WTIME

syop
DUNKRAM

A-1

DEBIP TP AL 1o St S Shi WU MY Tt Ul Sl S St SR YRt W W |

Levers

WAIT L

= VRoGRAM Frow
—> DATA FLoW

PN PRI I
DUBR IV S TS WCIIR SIS S . Yot Tt T I

t
Y S .

R B Y
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Appendix B
Program DUNHAM

c brograms DUNHAM
<
o Vaerzionl G4.005.13
c
C Author ! Faul H. Jdstdiek
Cc
C Alr Ferco lnotatuts of Teonnniosy
z wright-Pattoereyr, Al Furce Lase, GOh
<
C Deccr . ptlond Talz Progirel Calculates approximale ehergy levels
» ror dictomic molecules using the Dunham equatian.
1/0 logical unit & -- putput listing file
Z 11l -~ input file
C 13 -- output listing tile
C (sane as ubill &)
C ld -~ energy level output file
- o TS S s s e S s s T e e e e T T e e e S C TS — oS sS S ssem e
FROGIRAM HAIN
CHAMACTER®2  HUMLER(0I25)
CHARACTERXZD HEnDER
INTEGLK I, J, LvbimT, VIB, VIELMT, ROT, KOTLMT, EV1S(d7a),
+ EFroT(al0)
el SUM, TOIZ5,0:25), Y(O0:2,0:9), RROT(VIZS), .
+ RVIE(0:29), ELVLe2'5), LDEQUIL :
- Y
COinON /HDr /s HEADER -1
ComMmeM /DATs v, DEGQUIL, VIELMT, ROTLAMT, LVLLMT
DATh MUMLER /77007,7017 ,7027,7037,7047,'057,'0a’,’077,'087,'0Y2’, - 1
i P UL U LA - I A T S AL TR DA SR L A 1
+ Y20, T, T 23,724,725/ N
DATA KROT /7 5.0, 1.0, 2.0, Z.0, 4.0, 5.0, 6.0, 7.0, 8.0, 7.9,
. 0.0,11.0,12.0,135.0,14.0,1%.0,16.0,17.0,15.0U,17.0,
A 20.0,21.0,22,0,25.0,24.0,2%,0/
DeafA BEVIB /4 D00, 1.0, 2.0, 3.9, 4.0, 5.0, 6.0, 7.0, 5.0, 9.0,
' 10,0,11.0,12.0,12.0,14.0,15.0,16.0,17.0,18.0,1%9.0,
’ 20.0,21.0,22.0,23.0,24,.0,25.0/ -
C s e s e e s s m e m - UOpen the output listing fi1le, print )
C the header, and start run atats. St
CaLL HDRDUN e
B-1 )
4
.
P cd . . So. ° -.‘A~_'. o et - ~ . - - T e Lt LT . ‘:". N s <ot IR )
R T D T T N PR P T T A A AT AL o TR N -‘;-';fl

e so i indy ey aemge




- 4
.
C B Sl - s —— - Read the input tile (unat 11) 1or 1
C the cantrol paramcters and data. 1
Ciicl. RDRDUIM 4
WREITE (13,13C3)
1262 FORMAT ('l Energiles T v, 1) (T=0 ot potential winiwmam)’, /) ?~
I Mmoo s o s s m s e s - Find the Dunnaid Equation energy R
¢ TWIB,ROT) where: 4
C VIB 15 the vibretional guantuwm
< number of the current level
- KOT 19 the ratetional qQuantum
C nuiber ot the current level
bl 40 VIB=0,VIBLNT
LU 30 ROT=0,RUTLMT )
SUM = 0 1
P ettt itiling The sum (do loop) 1ndiciesS may vary
from O to 9. Thiws yields the first - i
D 1C0 terms ot the Dunham Equation.
Lo 20 1-0,9 o
DO 10 J-0L,Yy 1
1IF (I JEQ. 0 LaNb. J (LW, 0) THEHN B
AR = UM o+ Y U(IL,J3) -
EL.TC 1
IF (I JEGQ., O .AND. J .NE. 0O) THEN
SUM = SUM+(Y (I, ]) kreUOT(ROT) #¥J %k (RROT(ROT) +1.0)x%d) )
ELSE -
IF (1 .ME. 0 JAND. J .EU. 0) THEWN ]
LU = G+ (YT, T) ¥ (RVIB(VIB)Y + G.30)%x%I) T
ELLE k
LUP - LUl VL, )R (RVIB(VIB) v0.5) xk]
+ ARIROT(ROT) A% JX (KRROT(ROT) +1.0) %%J)
ENMDIF )
EMDIF -
EMDIF
i¥s COMT I IUE 3
0 CUNTINUE
LS ittt ieaiedied ittt Transter the accuiulated sum to T ;q
1
T(VIB, RUT) = U ]
WRITE (13,1304) VIE, KOT, T(VIiIb,ROT) -
120 FORMAT (7 T(',12,,',1Z2,')=",0615.7) ff\
0 CONTINUE
SO COHNTINUE R
O i s e R g Transfer the Calculated energy 1
levels TiVIL,ROT) to ELVL(I). -
L
o)
B-2 :
!
|
_l
T
e e e s e T T RO




1 =0
DO 60 VIL-CG,V1SLMT
DU 50 FOT=0,ROTLMT
I = 1 4 1
ELVL (D) = T(Vik, KO0
EVIEB(L) = Vi
ERGI(I) = RCT

oo COHTINLE
S0 COHT L MUE
C Tommsmsesmos - s s mmm e s e - =5t Lhe gnérgy levels so that thne
< lawest (VIL=0 & ROT=0} is at
[ 0 ~ (the di1ssociation energy)

[TIEET SEL S WV Y

L Iy = FLYLA(Yl) - Da@uIL

T CONMT IMuUE

Uil e 175,1201) HZADER
1321 FORMAT (" 1Dunham Equation Encrygy Levels 7 ,A30,7)

DO SO I=1,LVLLMT
s ITE (13,1000 LVIK(L), EruT(I), LLvL{I)

1700 Foering O v=" 0, 0I5t 1a, 1¢,0105.7)
Zo it rniuc
® C e Attt Fut the energy levels into an
C ogutput ti1le (unit 14).
Gtk vl T=1)
Lo YO I+1,LVLLMT
WeITE (144,1401) NJUMECKK(I-1), ELVLA(I)
Laod FORMAT (V7,462,772 ,615%.7," 5 )
e CONTINIE
SLOZE (JuiIT=14d)
LS e ittt dee Close the cutput file and run
C stutistics. 1
CALL TkLDUN
9oy ENMD o]
+ADD, HDKRDUM 4
$ADD, RDRDUN X
#abD, The DUN D
1
1
o 4
‘;1
B-3 -'.._1
SR
-
- .
R I S T PRI A
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3

-

C. M OOty

.

[

il

0

[}

[

ty i S

M '4'..'-'~ -t et - - .
S et et M VRN T S T T T . PR Tt TR PR Ml St S P S U VU T Nl TR S S N T L P N SR s -
PP VP SR WGP TUIE W, U, VU, SOCFRIE S, R WS Mol St M PO, S i, " Ml S i SO A S, P S R S S, "/, DAL P S M. e S, S N

FE DG aial SUBRCOUT {NE HDRDUN
Version: CH.08.13
fhuthor: Paul H. Oztdiek

T

Alr Force Institute of Technology
Wright-Patterson Alr Force base, UH

Deucription? HORDUN cpens the cutput listiong ti1le (lojgical units

13 and ) and starts CFYd and wall time use
ctetreticoy.

TOROJUTINE HDRDUN

Chat AUTER £S5 VER:ZNM
CHARACTER®LZ PPUN

[HTEOLRRS +DaTE(3S), IFIMeE(3), T1USEK{4)

Ve oM = 754.0c.137

£Ci = ThEr/g4D-6/1.27

———————————————————————————————— Initiate the run statistaics.
CaLl BTIME

CAalLL STIME

—————————————————————————————— Get the current date, time, and

user hame far output on the header

Cal i DATE(IDAYE)
Cabll TIMECITINE)
Calll ot CLULER)

————————————————————————————————— Upen the output listing ti1le and
witte ODut the header

vk (Ul T-173)
OFEM (UMLT-8)

WETITE (17,1301) IULER, VERSN, IDATE, PCM, ITIME
SORMAT (71 User ' LdRG,TYL, AL Force Institute ot Technology',

' THIC, "Verwian: ’, AL

. /! Date: ',ZAL,T114,°PCN: 'y hLZ,
' /0 Tawet 7, 3A0, Tod, " DUNHAM , /7, /)
Rl Tuiat

[Ty

B-4

DAL Tl '--."‘.'-.'."-." N e s o ST T T T e e T
. L
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ENDIF
220 CONT INUE
EL.SE _ L
IF (SCORE(2:9) .EG. LVL3’) THEN 4
C  meeem e m s m e Find the correct state number xx of .:
c LVLS ix whete Xx 15 "0l to '10’ and -9
C correasponds ta STATxx above. '}
DO 25G I=1,10
LF (SCORE(S:/) .Ew. DIGITS(I)) THEN i
4
v o ms s o m— Rkt count how many levels are assoclated -
L wilh the state K< and record them in ]
< STATE (kxy,count) 3
el = 2 )
LU 290 J=i, 10
DG 220 L=1C0L, 71 1
IF (SCORE(L:L) JWNE. 7 ') THEM N
IF (MINST(I)Y JLT. 29 THEN - 1
HINSTCOLD) = HINOTC(L) + 1
IEAD (SCLRELT (L+Llry, " 120 .
N STATE (L, MINSGT (1)) ]
LCOL = L + 2
ENDIF
SRUIF e
Y Ciadd INUE 1
RETN CUN IHUL .
IV SVRR AV o
i1 F
Zi0 Cofil TNUC o
shte .
LF (SCURE(Z:7) LEJ. "SHIFTS') THEN . |
S e R SHIFT is the voiue desired tor the o
C lowest level ot the lowest state. jj
KEAD (2CORL{DPIT3), " (ELS.2) ') SHIFT ]
EL ol 1
S et R Look for & keyword ALBBCDD where! N
C A & C match values i1n STLBL )
< BE & DD match values in STATE. '%
FOUHD = .FnLSE. 3
o it R R T Loaok tor part A, j;i}
DU 310 I-1,10 iﬁ
IF OCORE(2:%) .Ed. STLbL(I)) THEN ;
CuoT(1i1l) = SCORL2:2) R
ILEL = 1 =
[TV . -'1
S Coudit ituL T
D-8




— — ——————————— ——y
DG I 11,10 ]
STLBL(I) = * ]
NINST(I) = O ) 1
DO 2 J=1,u%
STATE(L,J) = O )
- COHMT INUL .
z T ONTINUE ﬁ
R
Lo S I=1,250 4
DO 4 I=1,250
LIME(I,J) = O
WEIGHT(I,3) = O
CONTIMNUE
< COMT INUE :
- e
LS it haitiding e i Upen the input data file.
OPEN (UNIT=11)
WRITE (13,1301) ]
1301 FORMAT (/7,707 ,T31,’lnput Data’>,/,’ *,T31,’----- -===) -
LU 5O K=1,10000
(S ittt it Attt g Transfer a record trum input
Z t1le to the bufier SCORE.
FEEAD (11,1101,END=81) 5CORE 4
1101 FORMAT (A72) SR
WRITE (13,1302) SCORE =
1702 FORMAT (' " ,A72) -
PO
C = mme e e e e e e e I+ 5CORE(1:1) is a '> then 5CORE b
c shauld caoantain dota and a valid
C Leyword. Lo, see it SCORE(2:17)
c duews caontain a valid keyword. It R
C duvs, transfer the data from SCORE N
¢ to the input variable.
1IF (CORE(LI1) JE@. '7') THEN b
IF (3CORLC(2:%) .EU. 'STAT’) THEN ]
L ettt di il il Find the correct state number STATXx
C where xx is '0l’ to '10’'.
DO ZZu I=1,10
IF (SCORE(&6:7) .EQ. DIGITS(I)) THEN ‘
DO 210 J1=9,72 -
IF (SCORE(J:J) .NE. * ) THEN
STLBL(IY(1:1) = SCORE(J:J) |
SETCNT = SETCNT + 1 -]
60O TO &0 1
ENDIF K
210 CONT INUE |
D’? [
o PRI - : B, g -A"'.'_‘[-_-;' o e o oo e 2 ‘;. ‘;-;:.




C...,- ______________________________________________________________________
C

c Frogram:? SUBROQUTINE KDREFT

c

C Version: £1.04.13

C

C Authoar: Paul H, Ostdielh

C

c Arr Force Institute of Technology

C Wrajht-Pattersoun Alr Farce Base, OH

C

C elrapticn: Thie vrautilne opens an 1hput tile (writ 11) and reads
< wll recards within, tach record read 1o written to

tne output 1:wtaing (unit 13), Data records are
werbed by o 72 irn coluwan L. These rrecourds contaln
N di-ta referenced by a siugle wey ward. All other

z records arve cohsidered comments. This routine uses
~ wi o internial read, eg KEAD (SCORE(SI19),'(E1D5.7)7) K
reads fram columnns 5 to 19 ot the character
varsable SCORE using the edit descraiptor EL1S.7 1nto
: Lthe recl]l variable X,

PR

SUERJUTINE RDREFT

— CHARACTERXL CURST, STLLL(10)
CHARACTER®2 MUMEZO6(Z26), DIGITS(10)
CHARACTER%Y kUi
CHARAC LM% .'2 L,CCrE

IMTEGU® I, L&, J, L2, K, SIZE, FCOL, LCOL, NINST(10),
- CURLVL, LVLNO, ILBL, SETCNT, STATE(10,25)

LuGICAL FOUND

RCAL LINE(DS0,250), WeIGHT (250,2850), SHIFT

Culrion /INDATA/ LINE, WelOGHT, SIZE, SHIFT
ChmbioN sLABELZ Y/ JTLBL, CURST
Cobtrlund /LEVEL L/, MINST, oTATE, CURLVL, SETCONT S

AT DIGITS 7°017,'00,°037,'04°,°05,'00,'0.",'06",°09",°10"/
DATH ilUMB26 /'007,'0L", "

v
. ’10’,’11’,’12"'

. ?
* 1-0:, 211’1

P SIZE = O
SETCNT = O

o
P W W Y Y

- e - S e - . . . - -
DR A at et e T e

- - ="
B L
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Frogrown SUBKROUTINE HUKEFT
Versacnl WAL 08,13
Author: Paul H, Uutdiek

Alr Farce institute of Technoloyy
wrignht-Fatterson Alr Farce Base, UH

Deocripul1oni HORLEEF ] Opens tne Outpul dllsting tille (logircal unmits

15 and o) ond atarts CPU and wall time use
stbaliuvtlcsy.

LUEROUT INE HDKREFT

CHAKAC TEKR*G VERSH
CHARKRCTER¥13 PCN

INTLEOLER%¥3 IDATE (D), LTIME(S), IUSKR(4)

VERSN = "g+4.00.137
FCM = 'GP /o4D-6/1.1"

——————————————————————————————— lniti1ate the run statistics,.
ChlL LTINME

Chll wTIrke

———————————————————————————————— Get the current date, time, and

user hame for owtput on the header

CaLl DATE(IDATE)
Cabkl TIMECITIME)
CALL UZERMI(IUSER)

——————————————————————————————— COpen tne output listing fti1le ana
write out the header

OFEN (UKiTTY=13)
UPEN (UNIT=6&)

URITE (13,1301) lUZEkR, VERSN, IDATE, PCh, ITIME
FORMAT (1 User: ' y4A3S,TSL, "ALr Furce Institute aof Technology’,
+ T110,’Versian: L AL,

] /,' Date: ',3n3,TL114,’PCN: ’,AL3,

' /' Tame: ', 3AS, 162, TENERLY FIT',/,/)
RE TURN

END

J

AR . RS s
. 3 R P S S e

b OV SN LR, SR V. SO Vi N T S 3 W L‘L'L‘-J

Abod i

PR T T A P




DO 190 I=1,5IZE
NOI) = X(I) + SHIFT

1%0 CUNT INUE
WRITE (13,1303) SHIFT L
1303 FORMAT (’lEnergy levels shitted so lowest level is 7,618.7) -
WRITE (13,1302) (x{1),1=1,SIZE)
Lo e e Write the energy levels to the
C output listing (unit 13} and an
C agutput +tile (unit 14).
OPEM (UNIT=14)
QFFSET = 0 )
WRITE (13,1312)
1212 FORMAT (*1The wvnergy levels for each state arel’) ]
DO 400 i=1,SETCNT -
WREIVE (13,1310) STLEL(ID)
1,19 FORMAT (’0OLevels af statel ',Al) j
DO 410 J=1,MINST(I) L
WRITE (13,1311) STATE(I,J), K(OFFSET+J) VP‘;;
1T FORMAT (' *,16,0615.7) RN
' WRITE (14,1401) NUMBER(STATE(I,J)), X(OFFSET+J) —ieiend
L 1401 FORMAT (° V' ,AZ,*=",615.7,' § ') 4
410 CONT I NUE .
OFF3ET = OFFSET + NINST(1) -]
<00 CONTINUE - ]
CLOSE (UNIT=14) oo
4
c -------- R it Close the output file and run -]
c atatistics. ST
- .-
CaLL TRLEFT B
9999 END E
+ADD, RDREFT
$ADD,LVLEFT o
$ADD, HDREFT ]
$ADD, TRLEFT o
9
- __1
R
K -




IF (I .EG. J) THEN
A(I,J) = SART(A(I,J) - SUM)

ELSE
AlI,J) = (A(I,J) = SUM) / A(J,J) -
ENDIF
110 CONTINUE .
120 CONTINUE .
€ mrmmmmmmme s s ms e m e Solve the equation: %
c LY = B )
C vhere ¥ = L{transpose) x X
c and 15 stored 1n X.
DL 140 I=1,(GIZE-1)
LUM = 0 ]
DO 130 K=1,(1-1) 1
SupM = S5UM + (AL K) ¥ A(K)) : R
130 CONT INUE 1
{1y = (B{1) - SUM) / aA(l,I)
140 CONTINUE
NG ITE =
MASIZE) = O I
L e This 1s a conslstency check. o
Ui = 0
DO 150 K=1, (51ZE-1)
SUR = SUM + (A(SIZE,K) * X(K)) -]
150 CONTINUE R 4
WRITE (13,1304) e
1204 FOKRMAT (’1Corsistency check.ssa’) ' j{
whITE (13,1301) SUM, SIZE, B(SIZE) AN
1304 FORMAT SUM = ',615.7,/," B(? ,12,') = ',015.7) }j{;

3
L)
[
'

C  mmmrmemmeem s e oo —m e ———mm—— Kecaver K tram ¥ (stored 1n X).

L0 170 I=(3IZE-1),1,-1
SUM = 0
DO 160 K=(I+1), 6 (SIZE-1),1
SUM = SUM + (A(K,I) % X(K))
10 COMTINUL

PN .
LSSy

AT = (KCI) - onud) /2 At DD
.70 COMTINUE .
e it Write out X Sy
Welid $13,1508) 3
120%  VORMAT (7, Unshifted energy levels are...’) .i
WRITE (132,1302) (X(1),1=1,%12E) PRy
1202 FORMAT ('3',G15.7) coel
(O ittt b Shi1tt the energy values, - -
4
DO 180 I=SIZE,1,-1 DO
KDY = (1) ~ x¢1) P
189 CONTIMUE RO
D-3
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y
) T
Lol e Build A's diagonals ot AX=BE. ;
i DO 30 K=1,SIZE - 4
SUMIN = O N
DO 10 I=1,SIZE .
SUMIN = SUMIN + WELGHT (1,K) I
: 10 CONT INUE 5%
: SUMOUT = U ~
. DO 20 I=1,3izE -
SUMOUT = SUMOUT + WEIGHT (K, 1)
2v CunT INUE
ACGE,K) = SUPMLN + 5UMOUT
_o CONT INUE
; o et Build non-diagonals o A. - >
DO &0 K=1,31Z€
DU S0 J=1, (K-1)
ALK,J) = -1.0 % (WEIGHTIK,J) + WEIGHT (J,K))
ACT,K) = A,
» =) CONT [NUE ——
-0 CONT INUE 1
Lol b it Build B
g o DO 90 K=1,5IZE i
SUMOUT = O R
DO 70 J=1,SIZE )
LUMOUT = SUMOUT + (WEIGHT(K,J) % LINE(K,J)) ST
, 0 CONT INUE L]
. SUMIN = O g
") DO 30~J=1,SI2E e
: SUMIN = SUMIN + (WEIGHT(J,K) % LINE(J,K)) S
o CONTINUE
B(K) = ZUMOUT - SUMIM 1
90 CONT INUE
J € r e m e S5olve for X
C - -
. C First use Cholesky decomposaition to ,“ J
: C get L (stared in A) such that: B
B C A =L x L{transpose).
-4
4 DU 120 J=1,S1I7E ]
DO 110 I=3,51ZE :
LUM = O ]
DO 100 K=1,(J-1) 0
IF (1 .E@. J) THEN -
SUM -~ SUM + (ACI,K)¥X2)
4 s ELSE |
SUM = SUM + (A(L,K) % A(J,K))
- EMDIF
- 100 CONT INUE
- D-2 e
._. J
Do il
RS X o e e e e e T e e e L D L T
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‘ Appendix D i
_
iv Program EFIT o
{ ‘ "
3 c
3 C Pragram: LFIT e
{ C e
Cc Version: S4.08.13
C
c Author: Paul H. Ostdiei
C
Cc Alr Force [rotitute ot lechnotugy
¢ wriight-Fattersaon Air Farce base, OH
1 C
- C Descraiption: Thr: proyram uses o least squares technique to find . 4
* < the set 0f wneryy levels that best fit a set of
C sprctrozcoplic transition lines.
; C 170 1091cai uwnit &6 -- output listing file ]
C 2l == input Tile
C 13 -- output listing tile - _j
. C {Sane an unit gl o
3 C 14 -~ energy level output f1le S
. c o
4 . .
b 1S e ettt tded o
3 . ..
‘e PROGKAN MAIN —
. C
- CHAKACTEK*L CURSDT, STLBL(10) :
- CHARACTERX2  NUMBER (0:25)
-
x IMTEGER 1, J, K, S12E, WHINST(10), STATE(10,2%5), CURLVL,
“ + SETCNT, OFFSET i
! o
REAL A(250,250), X(250), B(250), SUM, SHIFT, LINE(250,250), L
+ WEIGHT (250,250), oUMIN, SUMOUT 1
b .
‘ COpMOin A .
COMMUN /1UDATA/ LINE, WEIGHT, SIZE, SHIFT ]
i COMMON /LABELS/ STLBL, CURST 1
COMMON /LEVELS/ MNINST, STATE, CURLVL, SETCNT -
_ LATA MUMBER /'00°,'01°,'02','037,'04°,705",°067,°07',703°,709", A
" v L0, LT, 12,137,014, 157,167,017, T 1E0, 1y, o
+ TR0, 210,022,723 ,724°,725°/ "
b . (O e et s Upen the outpgut lasting f1le, print
L“_ C the header, and start run stats. 5
[ CALL HLREFT v]
?' o
- T mmeememmeo oo e e Read 1n measured line values and T
é' ¢ cantrol parameters. o
n'-, .i-..; :
. unll RDREFT o
D-1
-]
AEIEI T T g e N e e e e T e e el A.,J




PR PP -

'
Aadnd

ENERGY | RECOVER X,
LEVELS X FRoM ‘5

SHIFT ENERGY
VEVELS

mas .\
[ N
t
' yow

N V L

Wi P T
OUTPUT LISTING énéag‘? PRINT THE

UIT (3 T LEVELS ENERGY LEVELS
LeVvELS

0

SHLFTRD
OUT PUT
FILE

UNTY &

LEFT
R TRUEFT

STATSTCS | ~ausd [ 1,14
wnme

’
;
R B o
R S L B iy P B U T T T N A R R S R SN T AT LT A et T e e e e e e e e et e T U e e e e
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Appendix C
Program EFIT Flow

STARY
ERnNT

WDREFT

READGR. CALLS T 2:"\25
DATE
TimE
Q&LNO

Y
ROREFT

IheuT 11 READS TebY
DATA CALL L LVLEST

!

Buwd MAMRIX
A or A¥*e

l

Ruild MAaTRIX
boov Ax=bh

CHolEskY

DECOMPOSITION
ALY

MARE A

. N
{
.
!
ﬁ
o
!;‘
c-2
1‘ \
e e RSN

CONGIWETRNCY
CRECK

===3> PROGRAM Flow
~—> DATA FLow

-y
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X

“" ________________________________________________________________________

c

: c Frogram: SUBROUTINE TkLOUN _

7 :
- c Ver zian: SH .08, 108
h.’_ o) -
t C nuthor: Faul H. ustdiek o
5 c .
- c Air Furce [nutituecte of Techrnuoiogy .
- Z Wrrght-Patterson air Force base, UOH

c

C Teoscriptiont TRLDUN closes the output listing t1le (luglcal

I units 135 and o) and atops the CrPU-and wall tine

ube statistics.

'wi'
[ 2N
(o B e W}
'

; SUBROUTINE TRLDUNM
€  memmmsmmmsmsoom e mm s m o m e m e Shut down the run statistaics.
o CaLL ETIHE )
f CALL WTIME
; O ittt il did S Cloze the listing outputs.
. CLOSE (UMNIT=13,S8TATUS=KEERP) -

CLOSE (UNMIT=&)

G929 EETURN
EMD

B-8




READ (SCORE(&6:20),'(E1S.7) ") Y(I1,JJ4)
EMDIF
. ENDIF
: EMDIF
- ENDIF
. ENDIF
ENDIF
: ENDIF
i 30 CONT INUE
[ C  mmmmmmmmmme o esmmos s o Close the 1nput file.
<l CLGCSE (UNIT=11)
99299 KETUKH
EMD
.k."“
K J
B-7
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S it i sihs ettt i Opern the 1nput data flle.
OPEM (UNIT=11)
DO 30 K=1,1000
C  mememmssmsmmemmsmmmm e mmmm - Transter a record traom the 1nput
C file to the bufter SCOKE.
READ (11, 1101,END=31) SCOKRE
1101 FORMAT (K72}
WRITE (13,1302) SCORE
1362 FORMAT (* *',A72)
C = o e e e s m e mm I+ SCOKE(L:1) is a ',', then SCORE
C should contain data and a valid
C keyword. 5o, see 1+ SCURE(2:4)
C does contain a valid keyword. I+ 1t
C does, transter the data from SCORE
c to the input variable.
IF (SCORE(1:1) .E&. ">') THEN
IF (SCOURE(Z:5) JLEG. 'VIE') THENM
READ (ZCORE(G:20), 7 (1L15) ") VininMT
EL ol
iF (ZCORE(2:4) .E@. "KROT’') THEN
READ (SCORE(0:20),7(113)") ROTLMT
LLSE
IF (=COKE(2:4) (E@. 'LVL’) THEN
READ (SCORE(&:120),7 (IL15)7) LVLLMT
ELZE
IF (SCORE(2:4) .EQ. 'HDR') THEN
HEADEK (1:30) = SCORE(&:395)
ELZE
IF (SCUuKE(Z:i4) .EW@. 'DEG™) THEN
READ (SCURE (61201, (ELS.7) ") DEQUIL
ELCE
c  mmmmesses—eoee o I+ LCORE(2:2) 15 @ 'Y', then 5CUKE
G may cantain a Dunham Coefficirent.
c Use DIGIT to find which one it 1s.
IF (SCORE(Z2:2) .E@. 'Y') THeN
DO 10 I=0,9
IF (S8COKRE(S:3) JEG. DIGIT(I)) THEN
I1 = 1
ENDIF
10 CON T INUE
DO 20 1=0,9%
IF {(SCORE(4:4) JEG. DIGIT(I)) THEN
JJ = 1
ENDIF
20 COMTINUE
B-6
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®
C ________________________________________________________________________
C
C Frogram: SUBROUTINE RDDUN
C
C Verslons 84.08.13
C
C Author: Paul H. Ostdiehk
<
(o Alr Force Instituie ot Techanology
C Wright-Patterson Alr Furce Base, OH
C
c Duezeription: Phis routine opens an input +1le (unit 11) and reads
. «ll recards within. Euch record read 15 wratten to
- the output listing (urat 13). Data rvcords are
(o narked by a >’ i1n column L. These records contain
C data returenced by a sSingle key word. All other
c recordas are cansidered comments. This routine uses
z an internal read, ey READ (SCORE(S:1%9),  (EiS.71') A
C reads vrom columns S ta 19 ot the chiaracter
(o var 1able SCUKE using the edit descriptor E135.7 1nto
4 c the rval veriable X.
0 c
* £ = m v e e e e e e e e e e e e e e —— -
1 SUBROUTIMNE HDRIUN
ﬁi . CHARACTERx1 DIGIT(0:9)
e CHARACTERA30 hEADER
= LHaRACTERF 72 SCORE
THTEGIR 1, 11, J, 43, LVLLHMT, ROTLMT, VIBLMT
LEAL Y(O:v,0:19), DEaUIL
TOMMON /JHDR/Z HEADUIR
COMMON /DAT/ Y, DEGUIL, VIBLMT, ROTLIMT, LVLLIT
EIATA DJ.G‘J.T /’O','l’,’f.”,’:',’%’,’5','&",’7','8',’9’/
WRITE (13,12901)
1201 FORMAT (/,70", 701, '1Input Deta’,/," 7,T31, " ~--~~ meemT)
C s mmm s s s e s s Initialize the input variables.

VEELMT = 0O
ROTLMTY = O
LYLLNMT = O

0O 5 10,9
bue 4 J=0,9
Y(1,3) = 0
. CONT INUE
. CONT i NUE

B-5
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On 060

220

)

--------------------- Look tor part bb.

DO 20 i-1,26
1F (LCURE(3:14) .£Q. WUMBZO(1)) [HEN
DG 320 J=1,25
IF ((1-1) .EG. STATE(ILoL,Jd)) THEN
CURLVL = I - 1

------------ Jubroutine LVLEFT returns thne
absulute level number (LVLNO)
tor a given level relalive to
Ylven cleCtranic stete.

CALL LVLEFT (LVLNG)

Ll = ovLiio
ENLIC
CUINT Dt
iF 1l 61, sIZE) SIZE = L1
Cu To 21
CiHpLE
Coapi Il
G G 31

-------------------- Lock for part C.

DO 30 I=1,10
I (SCURE(9S:9) JEuw. STLBLGL)) THeN
Cumai(li1) = LCOKL(S:0)
{LBL =01
ErDer
COMT iU

Cmmm s memec—ese e - OGK 1Or part DU,

PO SO I=1,ua
i VICORE(a:”) JEG. NUMLEZS(1)) THEN
DU 240 J=1,25
IF ((I~1) .EQ. STATE(ILEL,J)) THEN
CURLVL = I - 1

----- -=~--~--Zubroutine LVLEFT returns thne
absolute level number (LVLNU)
tor a g9iven level retative (o
given electronic state.

CalL LVLEFT (LVLNO)

L2 = LVLING
ENDIF

COMTINUE

IF (L2 .31, SIZE) Slapg = L2

ColbE = L TRUE.

oU TO 31

b
COMTINUE

D-9

e T T P I e e e e e Lt e e e
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ror a
=3
tor a
a
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3
@
p
3
t T e el ld I+ & correct keyward hds been tound
C faor a transition from state 'A',
C level 'BB' to state 'C’, level 'LL’.
C Mowvi sepat-ale the value for the
C transition li1ne fraom its welghtihng
< factoar . They are sepatrated by a ;'
51 IF (FOUND) THEN
FCOL = O
LcoL = 0
FURM = P (ELS.7)
La 240 JI=9,72
| IF (SCURE(I:3) sk ' 7 JkNHD.
3 ' SCORE(JId)y JHE. 7537) THEN
i~ FcoL = I
L‘ co Tu 41
Ciluiy
[ O COMTINnUE
41 IF (FCOL . 0Y. O) THeN
i Lo HU J=rFfCal,72
i i (SCORE(J:d) .Eu. ' ' .OK.
P - SCORE(J: )Y LEQ. 737 ) THEN
Lol = J - 1
i Gu TO 51
3 =NDIF
‘ ) CONTINUE
‘6“ ol FOorp(3:4) = NUMB2o(LCOL-FCOL~1) (1:2)
IF ((LCOL-FCOL) LT, &) rarRP(aia) = FrUukmi4i4)
< memmemsmemo——m e Fouund the value for the transition
C line,
READ (SCOREIFCOL:LCUOL) ,FORM) LINE(LL,L2)
FCOL = O
Farim = *(EL1S.2)?
DO &0 J={LCOL+1),72
IF (ZCORE(J:J) .NE. ' 7 .AND.
+ LCORE(IIT) JNE. '"37) THEN
FCGOGL =
GO TO al
ENDIF
=0 COMNTINUE
ol IF (FCGL .GT. 0O) THEN
DO 70 J=FCOL,72
IF (3CORE(I:J) ,LEG. ' 7’1 THEN
LcoL = J - 1
GO 70 1
EMDIF
) CONTINUL
' FORM(53:3) <= NUMSZS(LCOL-FCOL+1) (1:2)
o IF ((LCUL-FCOL) .LT. &) FORPM(a:a) = FURM(414)
D-10
o s
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c - mesmsmse-se--e- Found the velue t0r the weighting
C tactaor.
KEAD (SCOURECFCOLILCOL) ,rORM) WEIGHT (L1,L2)
ELSE

c - mmemssse-——--e- Did not Tind a value tor the

c welghting factor, so it defaults

Cc to 1.0

WEIGHT(L1,L2) = 1.0
ENDIF
ENDIF
ENDIF
EMDIF
ENDIF
EMDIF
EnND I

[V GO T Inikde

S i el d e Close the 1nput fi1le.

ol CLOGE (UNIT=11)

2P Y RETUKRN
, END
L J
L4

D-11
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v
oL ™ " tm e e e e e e e e e e = e e e e e e e e e St e e e e - - = ————— =t - — -
C
C Frogrom: SUBIKUU T INE LVLEFT
! c y
- C Ver=ion. 894.08.13
- C
g c Author: Faul H., dstdier -
- C
C Alr Force lnstlitute ot Technology
C wiright-Fatterson Alr Farce Base, 0O
G
3 v deacription: This routine relurns an absolute energy level numper
C uned by EFIT fram the eneryy level number CRULVL
P c that 1s ruelative to tne electronic state CURST.
i ” i
A Cm m s e e e e e e e e e e e — - — o ————
SUBROUJTINE LVLEFT (LVLNG)
4
3 CHARKACTER%1 CURST, STLBLI1O)
o INTEGER STATL(10,25), CURLVL, 1, J, LVLNO, NINST(10),
+ OFFSET, SETCHT
t COMMON /LAEELS/ STLEBL, CURST
COaMmMUN /LEVELSY/Z MINZT, STATE, CUrRLVL, GETCNMY
@ o i
OFEFSET = C
i; L mrm T s s s s Matcn the current state with a state el
o C in STLBL.
h DG 20 I=1,10 C
{ IF (STLLL(I) .EJ. CURST)Y THEN
b
§ € memmmeemmemememmm e mem e Now match the current level with a
t‘ C level 1n 8TATE(state,level).
DO 10 J=1,MINST (i}
IF (3STATE(L,J) .EG. CUKRLVL) THEN
(O i LVLNMNO 1% the absolute level number.
c The level number 1n CURLVL s i
C relative ta the state i1n CUKST. .
LVLNO = OFFZET + J N
GO TO 9999 :
ENDIF .
10 CONTINUE A
ELok <
K J OFFSET = OFFZET + MINST(I)
) EHDIF -
- CONTINUE
Y RETUKN T
END o
D-12
e e T T e e T e e e T e e e T e
et aa R P AC N G SO PR PR AR L R P AL PV P VIR P RO P I AT, :’ PRI, B L L s';s.'k‘-':\.';‘.':




L;Ej;g

(@)

Frogr ani LSUBKUUTLIRHE TRLEFT B |

aOon

C .
c Vet zlon:  54.08.13 ]
c ';Iq
Cc Authior: Paul H. Ostdiek L
C hir Force Institute ot Technolagy -
C Wright-Pattersan Alr Farce Base, OH
c *
C Description: TRLEFT closes the output lasting f1le (lagical
C units 13 and o) and stops the CPU and wall time
c use statistics. .
- C - -
L e
SUBROUTINE TRLEFT I

@]

e e it Shut down the run statistics.

CALL ETIME
CALL WTIME

€ memmmmmmesmrsesmeesss—oo o mm s Close the listing outputs.

ad e

CLOSE (UMIT=13,5TATUS="KEEP) e
CLOSE (UNIT=6) -

9999 RETURN
EMD

Ak bt o o A

4
. ,.!
N N
- 1

-1

D-13
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Appendix E
Program DIATOM Flow

L
;
°
V’,
{

) STARYT
BIATOM
HEADER. <>
Inbtur
EADER, T QTIME -
W cALS ; g“ me e
%‘E UL |
WiCcRhwo k_/
¥ >
READ ER,
weur
TWOUT LATR READS AW ' 1‘::\2'
INBUT DATA DATA
", 13, 14
Inbur
FlLe
walT 4
pa
N

JogN=0

CCALCULATE §1G60-
VALUES Ohwy )

MiNuM § Purtssd
bl T —_ RANDOM
HistoRM Fuod The sesl WNumMBER
foTen AL, [ quveaAToR,
CALLS | FuN SEed
(E\GEW) VALGES
(d 1
L
L ’J
JORN &|
4
(CALGuATE E1oem- =——> PROGRAM FLOW
““‘“‘ wo) —>= DATA FLOW o
- ."J
p
Sy
E-l h
..
S At T an e e gt e PSP S A ST AR A NIRRT A S SIS Y




< —————— —— ~ -~ T
»
w2 E-2
[ 2 - 4
[ r J
WANE MATRX S Q
WwAVE WANE . 4
CALCULATE FunxTiON FuncTioN L
. WANVE Functions BATA "4
I CALLS t Fun Fie
(E16WN) w ]
A ]
7
A N
CuTPUT LISTING Ruw our PuT Q ]
- ——— RESIDU -
, DATA o s et NEsivuds 'PLo‘r\L
» w13 ourpuT FiLE )
(2 ("§ 3} %“'”}’ 9
AITER , VY y
PLYRES, PLT POT Povemat s
ENERGY ~—
V DATA
- L
) R TRAL
STATISTICS
CALLS ! ENME J
WYimE o
—
] y
STRP
AN DIATDM
) b
]
. -
4
D d
. -1
D <
: E-2
»

L P
TN e el T e te e N

- - . - -7 e " - -
PPV YO VTR Wi




c
C
C
C
c
C
C
C
C
C Wright-Patterwsaon Air Force Base, OH
C
c Description: This progrem uses & finlte eleméent method to solve 3
(o the Schrodinger wave equation in ane dimension for
c diatomic nmolecules. A non-linear minimization
c routine is uced to find a set of parameters that
C deccribe the potential energy curve that best fits
o esperimentally observed enerygy levels. :
¢ -
c I1/0 logical unit o -- output listing file
C 11 -- input file
C 12 -~ energy input tile
c 13 -~ output listing file
- C (same as unit &) .
i °® c 14 -- random number input tile -t
C 13 -- residual plot file 1
C 16 -- potential plot file R
c 17 -- wave tunction output file ' q
: it et ]
| Y
rrROGEAM PMAIN 1
CHARACTER¥?2 STLBL .
INTEGER IsTP, IPRINT, Jk, 3G, JA, JJ, EVIMCNT, PARMNO, NELNMT, :
* HOEVaL, JObM, N, PR, FP, EVMLYVL(2%), NOPNTS3, LEVEL,
+ Kil, kW 1
INTEGEK)e IU, IX ‘
]
kbml LVM(ZS), STRLZE, PARM(10), PARMLG(10), PARMHI(10), A(70), :
* LEGIN, EVAL(Z0Z), EVEC(202,202), H(20503), $(202,4), i
' EVMWI25), REZID(2Z25), CONST(10), WODE(101), )
+ FZIVAL(202), HBAR, MU, MIN, L(202,49) D
ComMmMCii /JENERGY/ EVM, EviW, RESID, EVMLVL, EVMCNT, STF3ZE, :
+ HELMT, BEGIN, HBAR, MU f
COMMON /PARML/  PARDM, PARMLO, PARMHI, CON3T, FARKMNO K
4 CCmmiaN /EISENS/s EVAL, EVEC, NUOEVAL, JOBN
) Covimed /MATRIX/ H, &, L, W )
COMMON /WAVFURN, MODE, P3SIVAL, NOPNTS5, LEVEL 3
COrFON /CHIZILBL / STLIL 2
o)
E ITLERIAL FUN -
: F-1
N T e e T T T e e S e e L e e e e
‘ _P KPR PP AL VOAETC PO VI VR WA AW WU R v P C A YA WAE vIE WD P D JA T v e S A ST o)

T et Bt e e i i I e e U,

Progremi DIAT
Version: 4.1
Author: FPaul

Alr Farce Inst

Appendix F
Program DIATOM

o
1.30
H. Ostdiek

ittute ot Technology

!
A

e .
Bl Aeid o A ey A




C s T smmsr s s-ss-no—-— o e --— el Lhe Output listing fille, print
C the header, and start run stats.
Coakll oAb
C T s mss s s s e s s m— s mn——e - —Read the input tilles fourr control ;f.;
¢ parameters, 1nput data, and random SRRRY
C nwber Yenerator seeds. bsﬁl
Call READCR (IU, I.., ISTP, IPRINT, JK, JG6, JA, JJ, PR, FP, R, KW)
S5 R UNE. O THEN
C m i mm s meo oo o s e s Find the set of potential eneryy )
C parameters that gives the best
C least squares fit of lLwasured :
C and calculated energy values. .
<
4
JABM = Q 1
CALL BIIHURM (FARMMO, FAal, A, FUN, iU, IX, IoTH, IFKINT,JR,JG,JA, 3]} B
C - S ssmmm s e mmmmm—- L the Current random number
C guenerator seeds 1nto a tile tor use
C on the next execution of this
,‘” i program. - Mj
Call PUTEND (14, 10
LD IF ﬂl
T Y
iF (MW L iWE. 0) THERN )
s |
R
Ll it Find the normalized wave functions E
C that correspond with the calculated
C energy levels. .
JOBN = 1 '
CALL WAVE R
LeLE . :
MIN - FUNFARPM g
4
LhDabk
LS el Create the output listing and files
< with residual and potential plot
Py C data, and the wave functions. J
CALL OUTFRUT (Fr, FF) ;W
F-2 RO
.
-4
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oo

CALL

FYP?  Cip
$ADD, HEADLK
$~0D, READER
LELL, FUTRND
+AD0, FUN
BALDL, PUTENT
+m0D, ETOLN
+aLD, CCTL
¥A00,FOLD2
+ALD, FOLDY
»&DD, UVAVE
LD MFOLD
ol D, MNORPIAL
b 4D, OUTPUT
300,02 TE0T
1AL, PRUTER
1~Lu,bLTRES
v LU, FLTHUGT
i 00, FUTWAY
enbu, kALl

------------------------ Close the Output f1le ana 1 un

TRAILK

statistics,.

"

PR

a_ a2 s
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: i
c Frogrem: SUBROUJTINE HEADEK -
< 4
c Verzron:  o4.1t. v ‘ j
c L
c Author:  Faul H. Ostdiek T
C -
c Alr Force Institute ot Technoulogy Tl
C Wright-Patterzon Ailr Force base, OH }
C
< Jescraption: ALnLlEK opeiz thie output dasting fi1le (logicel units
z I35 and &) arnd storts CFU and wall time use
[ statistico., :
C 3
(‘ - - - — - .- e e me v mm e e e UM e e - R wm m e . m n G MR Ml Wm e W e g MR e Wm R S e em M G e e W e e e e wm e Ae G . -
SUBROUTIME HEADER ]
CHARACTERY¥Y VEKSN 1
CHARACTER*13 FCN - -
THITEGER¥S IDATE(S), ITIME(3), JTUSERD) 4
A
UL o= P890 110300 '1
O = "LEP/&4D-s/1. 30 E
.
[ e e i Innitirate the run statl=itlis.
Cabl LTIME
CALL STIME
. smeeeee-- mrime s occ s ---~-nD L Lhe Current date, time, and
< usel Nale fur dutput on the header
ChALL Laibklisaic) -
el Takl (ETLig) .
Cabt oo s (T -4
- S e e e mecme - - (pen the output listing f1le ana e
0 wrlte out the header S
OFC (NIT=103)
OFCMN (UNIT=2) 1
WHITE (10,1701) 1ULER, VERSN, IDATE, FCiM, 1likic
1201 FolMAT 71 Uver: 'yAAS, T, "ALr Force Institute ot lechnolagy’,
1 TI10,'Version: 'y AT, )
» ' /e’ Date: ',LUAT,T114,7FCH:  ',ALD, |
+ Syt Tateer TLEAT,TOA,PDIATOM /7, 7)
CACR I S N ee] | :
TMD
P-4
4
B I N N i O R S




- P
C Foagr am! R ALER . 4
C
¢ Verslon?  od.11.20 !
C R
c Author: Paul H., Ostdiek C]
¢ -
C a1t Force Institute o1 Technology 3
2 wright-Fatterson Alr Force base, OH ;
C E
3 Lecir:ption:  READER op-one 3 1nput f1les (unit 11,12,105) and reads j
C all records withain. tach record read 1s written to
C tiwe output licting (unit 13). Ddta records are
c marked by o ">’ 1n column 1. These records caontain 3
2 data roferenced by & si1ngle khey word. ALl Glher 4
i recards are cansidered comments, This rrowtine uses
- an internal reed, ey <Al (5CORE(LIL7), " (E1D.7) ") XK
N reads 1rwie colunns S ta 19 of the Ccharacter
z véerrable ZCORE w=ming the edit descriptor eld.” 1nto ;
’ the recl vartable A. - 4
.
3
SULROUTIMNE wuaAbbic (1U, L3, IoTR IPRINT,IR,J0, R, JJ,FK, PP, K, KW) {
SUARACTERAL  DIGIT(O:Y) v e
CHAACTERXY  LOCH (%), KLUCK, NUMBER{(0:30) 1
CAaniACTERY>Y FORM
CHhHARAC TLUR¥Z 2Curmi, Lilbl }
I Gl Lok iy, eVHMCHT, 1, IPKINT, ioibF, 4, Jn, PR, FP, : ]
* 3G, JI3, IR, WHeLpi, FARMG, FoouddT, +COL, LCOL, ‘A’ﬂ

. EVPLVL (250, i, W

Inftloekao 1J, 1.

PR S S

LobGlembl Lo

BiEAL EVPIIZL, Frrit(1ao), PARMLO(LIV), PARMHI{(10), STFSZE, BEGIN, R
4 EMDS, TEMF, KEILL(25), EVMW(25), CONST(10), HBAR, MU T

CLelMON JEMEKGY S EVM, EVMW, KESID, EVMLYL, EVMCHT, SIFCZE,
+ NLELMT, BECGIM, HEAR, MU

COMMON /FARN L/ PAKM, [FARMLU, FARMHI, CONST, FARMNO
COMMUI /CHFLEL/ 3TLBL

bl bkt

LaTin DIGIT /7°G", 1, 72,00 ,%a4","S,'6",' 7,6 ,'9"/ SO
. " <
DATA NUMBEK /’00’,'01%,'0c’,'037,7047,°0%','0a’,'077,°03",°07", SR
- YA S CEINE G IS AL ¥ AL T AN AL DA PRI S LD TO LN g
‘ PO, TR DT L L EsT e, S R, T2y, 500 .
LDATA LOLK /P RE’, P Ta’, 11, PR, P J6, "3RI TFRY TP -

F-5
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L T ° : s m=- s == hatlollle SOWe varlables.

L LG -1,

Lodi.iiy)y - o

10 Cond il

Peaindlleny = U
C T et e s e m i — m s m e m = Upen the Cantrol Parameter {nput
C tile -- laogical unit 1l.

OFeid VLWL i=11

villte 12,1001

171 FOReAT (707 ,T24,°Control Faraleter anput Fale’,/,
+ R 5 e I S R L L e —m==)
DG 40 I+1,1000
L i i e it Tt arister a record trom the 1nput
c file to the bufter SCORE.
fkead (11,1101,iMD=41) =CORE
11¢3 FOURMAT (AZ2)
WRITE (13,12C2) ZSCOKE
1202 FORMAT (' ", AT2)
LS e i Ir 5CLURE(LIL) 18 a ",7, then SCUKE
C should cantaln data and & valid
C keyward. S50, sew 1+ SCORE(Z:3)
v dowe contain a velid Keyward. it 1t
. does, transfer the data trom SCURE
< to the 1nput variaeble.

i (SCORECLIL) JEu. " 27) THEN
lr (SCORE(CZ:Z) JEu. "hE') THEN
EAD (SCURE(S019) 7 (EL1S.7) 7)) HbrK
ELLE
IF C2COREZTIEY LR, ") THRERN
phAD (DCukRE(SIa%), " (E1D.7) ") MU
[ SN =
IF (oCUke $2035) L@, *bG’) THEN
KEAD (SCORE(LIL9), 7 (ELS.27) 7)) BEGIN
EL-E
IF (SCuke(2I38) kW, TEN') ThiEN
RemD (CORE(DILY), " (E15.7) ") ENDS
ELk
b fovuni (ol b)) JEG. TRIMY) O ThEN
ki (SCOREC(LILZ),? (il50 7 ) Ko
Lo
I (SCORE (22 SEG. TRW') O THEN
ReAD (SCUL (S 1Y), (1I13) ) RW
LL.L

F-6
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3 ioloninidiad) wbhwe CF) aBEN
DU 20 J-i, 10
RTINS I NP S 4
BOach (U:2) = NUBMBLER(JI) (L)
I (uCumetard) JEw. RLoURs iren
KECAD (LUORE(D:i2), " (ely.2) ) FArmid)
FARMMNU = FPakbilio v 4
GO TO 20
CDIF
CUNT T
ELLE
I (LlOiRE(Z:2) JEa. "UT) Teua
DU L1 1=1,10
RLOCK(1:1) = "y’
RLOCH (2:2) — HOMLURIII) (212 4
IF (SCORE(Z:i2) .LQ. RLOCK) THEN
READ (LCORE(S:I19), " \ELS.717) Fakeidl (J)
O 7O S0 )
tMbIF
GO T ENUE
ELSE -
IF (SCORE(2:2) JEQ. "L’) THEHM |
QU 22 J=1,10
RLOCHK (1) = L7
FLUCH (2320 = NUMbeR(J) (2:2)
1F (LCORE(Z:Zs .tdw. RLOCK) 1HERN
FLAD (CCORE(D:19), " (ELS.2) ") PARMLU (S
Gu TU 40
LIUDIF
Can Lot
ELE .
iF (LCOREZ:Z) JL&. ’C7) THEN -
DO 3 J=1,10 :
FLOCK(LI 1) = *C?
fALUCHhIZ:2) = NUMBER(J) {2:2)
IF (LUOKE(2:2) JEU. RLOCK) THeN S
READ (SCURE(S:19),’ (ELS5.7)7) CONaT(J) i
OO TU 4u
CipLr
CUMT INUL
Ll
Lo 30 kK=1,7?
iIF (SCORE(Z:IZ) JEG. LOCK(K)) THEN
huAaD (SCORE(S:19),7 (118)7) DOUR(K)
Eivivlr
CobiTinue
LD ir
LNDIF
Lol
LU LE
ENJIF B
(MY A
LN o
(ROYVRE S

F-7

. .
TP EV O E Y

R VTSN AT ¥

PR PR SN

PRI Wy v 4 . .

et e T e et et e e e S et T e P S T T L IR T e e T




c e e e e e e e s e e tm ik em s ms m e o e e s em e e e e = = et o am o e A tm T e e e om e e o A e - ——— A e - - —— -
C
c Program: SUBROUTIME UMNFOLD - 4
c 4
c Verszion! 03.07.34
c 7
c Author: Paul ¥. Ostdie=i
c R
c Alr Farce Institute of Technology b
C Wright-Fattercan Alr Farce Base, OH j
C
C JDewcription: UNFOLD recovers the elgenvectors v ot Hv-eSv=0 :
z trom the ei1genvectors ¥y ot AKy-ey=0 where & are )
< eilgenvalues, o
c .
C ___________________________________________________________________________
TUBROUTIMNE UNFGLD
4
INTEGER 1, 1, K, N, NOEVAL ]
REAL EVAL (202), LEVEC(202,202), H(20503), 1
+ S(20Z,4), SuUM, £(202,4) .
-
CumMMOi JEIGEWNS/ EVAL, EVEC, NOEVAL, JUEN ﬁ:
CeMMON /MATRIN/Z H, S, L, N S
- g
LO 20 I=bi,1,-1 4
DO 29 =1, NOEVAL ]
UM = 0 S
DO 10 K=1,3 Rt
JF ((1+K) .LE. W) THEM o
SUM = SUM ¢ (L((I+K), (4-K})) ¥ EVEC((I+K),J)) ‘Jﬁ
EMDIF 4
10 CUNT INUE ]
EVEC(I,J)) = (EVEC(I,J) - SUM) /7 L(1,3)
29 C INTINUE
) COUMTINUE
RATA A o TURR 1
L ND
<
. <
F-21 o
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Frogran: SUEBEROUTINE FOLDX
Ver wilon: sd. i1, 50
Auvthiur: FFaal M., Ostdiesx

Arr Force Institute of Technalagy
Wright ‘Fatterson Arr Farce bDase, OH

Beartipbionl Thise rouvtine t1nde @ matltrl,. & where Z = Kbhl(transposel
vihich 158 stored an place of £ 1n the array H.

SULKGUTINE FOLDX
fRTELER I, J, K, KK, LL, LLL, N

REAL H(20503), L(202,4), 5(202,4), SuUm
COMMON /MATRINS H, 5, L, N

DG Lo J=1,N
L Z0 1=0, N
Sk = O
LD 10 K=1,3
LL = J - K
LLt 3 - ¥
IF (LL .GT. O) THEHN
[ % = (I % (I-1) / =) + LL
SUM = Su + (H{RKE) & Li{J,LLL))

EWNDIF

- CUMI INMUE

K = (1 % {(I-i) /7 Z) + ]

HOEDY — (HK) - 5SUpr) /7 LtJ, <)
o0 GONTINUE
30 CONT INUE
G2 FETHIR

D
F-20
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(’_ ______________________________________________________________________________
c
C Frog was SULELLY INNE FOLDZ
C Veroion: Y4.11.30
<
C Author: Faul H., ULtdiek
<
Z Al Force Institute or jechnuiag,
C wright-Patterson Air Furce base, UOH
o
C Decscription: Thiw routine +inds & matraix 2 such that H = L2,
C Matrix 2 19 stared 1 place of H 1n the array H.
C
O m e m e e e e e e e e m e m e m e m————— e ——
SUBRJIUTIME FOLDZ
INTEOGER CNT, I, II, J, K, KK, LL, N
el AL H(Z0803), HIE(202,3), L{I2G2,4), S(202,4), Ui
COMMGH /WATKLIN/ H, 5, L, N
LO 30 I=1,N
IV {(I+3) .LT. M) THEN
CNHNT = I ¢+
el ot
CNT = N
tMD1F
LO 20 J=1,CNT
SUMo= 0
Du 10 K-1,2
L = 4 - K
I1T =1 - K
IF (11 .6T. 0) THEN
IF (Il .GE. J) THEN
EK = (IT » (Il-~%) /7 2) + J
SUM = UM + (L{L,LL) ¥ HIKK))?
ELZE
i Cvg-S1) JLE. ) THEN
Supl = Sum + (LI, LL) % HOB(II, (J-11)))
EHDIF
EMUIF
EidioI;-
iy Cun b It
LD L0E. J) THEN
K = (i ® (I-1) /7 2) + J
H{rK) = (H(K) - SUM) /7 L(1,9)
ELGE
K = (J * (J-1) / 2) + 1
HIB(I, (J-1)) = (H(K) - SJit) /7 L{l,4)
ENDIF
=0 CulTLNUE
30 CONT INUE

9999 HETURN
END
F-19
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c
C Program: OSUBROUTINE GETL -
c
C Verwion: gd4.11.350
¢ Author: Faul H. Ostdiel
c
C mlr Force Institute of Technowlogy
o Wriyht-tattersan Air Farce base, OH
< Dzt 1PLAGHL Trhias routine dedumpses the matrix S 1nto a matrix L
< such that 5 = LL{transpose).
= =~ m e m e e e e e e e e e e e e . T e e e e e - S mm s~ 4
SUBROUTINE GETL j
IwTEOLK §, II, ILMT, 3, LL, N
FUaL HI20%032), S5(202,4), sum, L(20Z,49) - 4
COMPON S MATRIC/ H, 3, L, N ]
ILMT = 4
Dy 20 I=1,hL e
DO LD (=T, 10T 1
SUr = 0 :
LF (I .EG. 3) THEN
sumM = LI, 1, %%2 ¢ LA(1,2)%%2 + L{I1,3)%%2
L(I,4) = SURT(=(I,4) - SUM)
Bl s
tL = 4 - I +« 3 1
IF (LL .Eu. 2) THENM
SuM o= L(I,1) & LJ,3) R
ELSE Tl
- -
IF (LL .EC. 3) THeH -
TUM o= L, 1%L (d,2) ¢+ L(I,2)40L¢3,3)
EHbiF 1
EMDIF R
Lei,LL) = (5¢I,LL) - 2UM) 7/ L{J,4q) B
ENLIF -]
10 CUNT ANUE -
v I o= MUD (3, 2) ]
IF (I1 .EQ. 0) THEN A
. Y
ILKMT = J « 4 SRR
EL.L R
LT = J + 3 ':1
ENDIF J
20 CONTINUE ‘
9559  LETURN o
ED R
F-18 s
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!
X
CALL FOLDAX 1
- -
L Sl ling [ridiagonalize matrix & (stored an
C H) oo matrix T (wtored 1n EVAL, E) ]
CALL EHOUZS (H, ©l, EVAL, E, E2) - 3
-
S il detit it Fina elgenvaelues and optionaeily iy
R
> (JOBl4 = 1) the eigenvectors ot the
C prablem: Xy — &y = 0O
NOEVAL = 35
IF (WNOUEVAL .0Ci. 1o HOEVAL = N ]
]
IF (19BN JEEQ. 0) THENM )
IZWw = 0 3
C i et Find the lowest NOEVAL €¢i19envalues
C ot matrix T.
<
CAaLL EQRTLIS (EVAL, EZ, N, NOEVAL, 1I3W, IER) )
el S
15 = 202 R
ML = 1 ]
]
n [N
DO 10 TI=1,N
DO S J=1,N o
EVEC(I,J) - 0.0 T
5 CONTINUE B
EVECI{I,I) = 1.0 S
10 COnNTINUE IS
L ittt Find eigenvalues and wigenvectors R
C matri. T ’
Catl EGkTZE (Eval, E, W, EVEC, 1Z, IER)
C s o m s — s m Recover the eigenvectars of matrix X 1
C troin those ot matrig T. <)
o
CALL EHOBKS (H, N, M1, MNOEVAL, EVEC, IZ) ’ZJ
C  mm s e s s m e e oo oo UNFOLD recovers the ei1genvectors v ]
C of: Hv - exv = 0 ;
cC from the elgenvectors ¥y couputed an 9
C VECTOR of: wy - ey = 0 -1
" where ¢ = the elgenvalues. o
CALL UMFOLD
DI
9959 RET U -
LD L
F-17 1
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SUBROUTINE EIGEM

Frogram?

YVer wtlunt He4.11.30

Author: Paul H. Ostdiek
Alr Force Institute of Technol
Wright-Fatterson Alr Farce Bas

bescription: Thius routine f1n

o3y
e, OH

ds the eigenvalues and optivnally the

ei1genvectars (JOBH=1) ouf the generalized eigenvalue
problaem Hv-eSv=0. This 1s done using routines GETL,
FOLDZ, FOLD)Y, UNFOLD, and IMSL routines EHOUSS,
EQRTIS, EURT2S, EHOBKS.

C _______________________________________________________________________

SUBROUTINE EIGEN
IMTEGER I, IER, IZW, 1Z, JUBN, N, NOEVAL, M, M}
LOOICAL FIRST
REAL. EVAL (202), EVEC(202,202), H(203503),
- $(202,4), L(202,4), SUM, E(202), EZ2(202)
COMMON JEIGENE, EVAL, EVEC, NOEVAL, JOEN
CuUtMON /MATRIX/ Hy S, L, N
DATA FIRST /.TRUE./

Lo itttk Use the Cholesky decomposition to

C get a matrix L such

c that: S = LL(transpose)

c This only has to be done aonce since

Cc 5 doesn’'t change.

IF (FIRST) THEN
CALL GETL
FIRST = .FALSE.
ENDIF
C mmmmmsmess s smm s s s e Guet 2 such that: H = LZ
CALL FoOLDZ

€ mrmemrsss s mme s —m—es e soeoo— Get X such that! I = XL(transpose)

ot the prablem: Hv - esv = 0O

Cc now bLeComes: Ay - ey =0

C where: e = eigenvalues

< v = e&lgenvectlors

C Yy = eigdenvectors such that:

C y = Litranspose)v

F-16
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DO L1 I=1,ELNT
IF (EVMI{I) Ex. 0.0) THEN
RESID(I) a
eLSoE
KESID(I) = EVM(I) -~ EVAL(I)
FUN FUN + (EVMW(I) ¥ RESID(I)*%2) ¥ 0.3
ENDIF
110 COUNTINUE

It .

[}

1F (FUN .06T. LE10) FUN = (K10

Yo 9  RETUKRN
END

F-15
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- 4
JILELS =~ ¢
DRI 2O I=1,10
- 4
LS il et e tbedi i Use the paotential values and watrix
C peedn to build the sub-matricies.
VIi(3) = PO X VIH{I) e
VZ(J) = (Z4P0O ¢ DPOXSTFIZE) x VIH(T) R
V3 = P11 X YZIH(D) S
VI(J) = (ZHAF1 - DPIxXCSTPRSZE) & V4H (D) -
Pk o= (11 % (1I-1) /7 2) + 13 ) ]
LL = 4 - II + JJ 1
C s e e e s s - m— - LLoad the wub-melrix vaiues i1nto H : 4
and w.
HOKK) = HKK) + T(3) + V1I{(J) + V2(J) + V3(J) + V4(J)
LF (FIRZT) THOH
Giil,Lly = E(11,LL) + SH) -
o DIF
Lo (IT LEd. J13) THEN e
I = 11 + 1 C
13 = JJ - JILESS S
o JILEES = JJILESS + 1 -wm1
ELCE 1
J3 = 33 + L
EMIIF
1Y) ComTINUE
i1 = 11 - 2
JJ = J3 + 2
S CONTINUE
FIRSET = .FALSE. ;.i
LS ettt Subroutine EIGEN solves the general
C gigenvalue problem:
C Hv - e3v = 0 1
z vihere. H io the H (energy) matrax
Z v 15 the ergenvector
C v 1ls the vigenvalue
C S is the narmalizing matrix o
CALL EIGEN .
FUN = 0.0 t
uLrtir = EVMCNT
o 1P (NGEVAL (LT. EVHMCNT) ELMT = NUEVAsL
O it -Compute the residuals and the value - i:
c ot FUN. ;:3:
F-14
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V(D)
Vebrt ()
(VRTRIE

STRLZENRD
NN

LS R B AR

Sk ltaad

coeloilu
S&Louul

SaZellv

Y (g 159200 N O o) 362CE00
et ) Sl STFLZIUA KD Josdo0

Vel il . = = 2Us0 STFLIENKD LuZEuou 3;'q
R TERETS BT B [ B PR SPOF 3 3628800 }jQﬂ

X o ¥ o %k W N W
R T T S N

Vi {10 = STRLZE X%3 5628800

L0

z - S- s cmrressmmee- - == 18 the number of members on the
c main diagonals auf H and S. 1
o= (2 % RELMT)Y +» 2 E
CNDIF }
4
»
C s e s s e m e o o= ~Clevar out the arrays that H and S ]
c are stored in. Do this anly the
C tirst time for S.

DO 29 J=1,M 1
) La 10 I=3,N -

[ 4 = (I % (I-1) /7 2) + J
L.L =4 -1 + 1
HKK) = ©
iF (FIRZT .AND. LL ,34T. O) THEHW -
3¢I,LL) -5 ]
i ‘® EMDIF -
10 CONT INUE ]
20 CONTINUE ’
o e P Euild the sub-matricies that are =]
C pieced into matricies H and S RO
| C from the seedz., This 1u done. " “ﬁ
c in orn 1terative manner, once far »1
C each step alang the grid. i
FLTLF = . 1RJE. o
U B
) D 40 -1y NELMT

FO0 - BECIH ¢ (STPLZE £ (I-1)) . ]

RI = BLOGIN + (STPFGIE % 1) 9

.}

L il Subroutine FOTENT returns the B L

. C value 0t, and slope of the mudel 5
| C potential functian &t each end of ]
z the current grid element (RO,K1). '..1

CALL POTENT (KO, K1, PO, DPO, Fl, DP1) jﬁj

IF (FETLR) THEH :

o 11 =1 N

J3 ER AR

FETLP = .FALZL. o

ENDIF ey
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SH{?) = -Zad ¥ STPSIZEXX2 / 3040

SH(10) = 48 * STPSZEX%3 / 5040
T(1) = 144 /7 (240 % STRSIZE)
T(2) = 12.0 ¢/ 240
T(3) = (16 % STPSZE) / 240
T(4) = -144.0 / (240 ¥ STP32E)
T(S) = -12.0 / 240
T(s) = T(1)
T(PY = T(2)
T(8) = (-4 % STPESZE) / 240
T(9) = T(2)
T(LO)Y = T(3)
PRE = (HBEAR¥HBAR) /iU
DO 5 1=1,10
T{I) = PRE % T(I)
COMNTINUE
VIH(L) = 695520 % STPSZE !/ 3628800
VIH{(Z) = 7090 % STPSZEX%¥2 / 3828800 -
VIH(3) = 10080 % STPSZEXANS / Te28800
ViHi4) = 52080 X STFRIZE !/ Ja2&6800 T
VD) = 15040 ¥ STPUGZEAXD /7 3028600 )
Vidis) = 47920 x STPSZE !/ 3a28800
YLIH(7Y = -23040 % STP3ZE¥%¥2 / 3628800 ’
VIHGL) = 4320 ¥ STPSZ2EX%3 / 3628800 =T
ViH(Y) = ~-115%20 % STPSZEXX2 / 3628800
VIH(10) = 2830 ¥ STPSZEXX3 / 3428800
UZH(1) = 139580 % STPSZE / 3626800
V2H{Z) = 040 % STPSZE¥#2 / 3428300
VIH(3) = 4320 * STPSCZEXX3 / 3628800
Y2H{d) = S0400 x STPSZE / 36288600
UZHIS) = 11520 % STPSZE¥X2 / 3a228800 1
VIHtL) = &1920 ¥ STRPSZE / 3528800
U2HIT) = - 12900 ¥ STRPSZE¥AZ2 / 3628800
V2H(L) = -223C0 % STPSZEX*3 / 3628800
U2H(9) = -12950 % STPSZE¥KZ / 3&328300
VIOHILO) = 2850 ¥ STPSZE*%3 / 35626500 B
YSH(L) = 47%20 ¥ STPSIE !/ 3623800
VIAI2) = 11500 % STPGSZEXX2 / 3823400
U3HiZ) = 2830 % STREZEXN3 /7 528800
VIN4) = BIZOS0 % CTFSZE / 3628800
VIM{S = 2T040 ¥ STPLZEXRD / 3628600
Vol = 695920 % STPSZE / 3028800
CIEIT) = 15640 % STRSZEXKZ / 628800 .
VIHIE) = =4320 ¥ STRPSZERRDS / 3028800 . A
JIHIP) = 70500 % LTPSIEX¥2 / 3623800
VIm(10) = [0us0 % STPREZEX*3 / 3628800 R
Vari(l) == 61920 % STFSZE !/ S6ZH300 s
VAH(Z) = 12980 % STPSZEX®Z / 3628800 ‘-1
F‘12 - "-
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c
< Praopem:  FUNCTIOM FUN
C
C Ver.i10n: s4,11.30
C
C Author: Paul H. Ostdaiek
c
c Alr Force Institute ot Technolagy
C Wright-Patterson Alr Farce Base, OH
C
C Decciiption: Thie routine solves Lhe Schrodinger wave cgudtion
< using <« =et of patential energy pardmeters ta build
< the wave wvquation itn matrix form. Then EIGEN 1s
¢ used tu suive the eigenvalue problem for the eigen-
- Ce i UeS . These e1genvalues are cowparced 1n a wWelght-
i ed leawnt squares wense wWith the gbserved energy
C levels. The value of FUN returned i1s the sum of the
c duighted residusls sgquared.
c
C ___________________________________________________________________________
EAL FUMCTION FUM (Farpl)
INTEGER EVMCNT, 1, IEK, 1z, 1, J3, JILESS, JOUBN, KK, LL, N,
. + NOEVAL, MELMT, ELMT, EVILVL(25)
LOGICAL FIRST, FSTLP
REAL EVMI(ZS), T(10), VIH(1I0), VZ2H(10), VOH(10), V4H(10), V1(10]},
+ V2(10), V3100, ViIL10), STPSZIE, RO, R1, H(20503), S5(202,4),
T SH{10), PO, DFO, FL1, DFP1l, PARM110), EVAL(202), EVEC(202,202),
DELTA, RESID(25), BEGIN, EVIMW(25), HBAR, MU, PRE, L(202,4)
COMMON 7ENMERGY/ EVH, LCUMW, RESID, LEVILVL, EVMCNT, S9TP3.E,
+ HELMT, BEGIN, HBAK, MU
Conmmcit FEIGUNS/ EVAL, EVEC, NOEVAL, JUBN
COMMON /MATRIX/ H, 5, L, N
LATA FIRST /.1RUE./
L0 e e s Load the arrays used to build the
C matricies H, S, and NORM. These
C will not change, do this once only.
IF (FIRST) THEN
SH(1) = 1872 % STPSLIE / 5040
SH(2) = 2&84 % STPSZEX*%2 / 5040
SH(2) = 48 ¥ STFSIE¥*¥3 / 5040
SH(4) = &48 % ESTPSZE / S040
o CH(S) = 156 ¥ STPSZE¥¥2 / 5040
SH(e) = 1872 % £TPSZE / 5040
SH(?) = -1td ¥ STPESZEX¥2 / S040
GH(S) = -3o % STPSZEX¥3 / 5040
F-11
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ERD1F
EHDIF
210 COMTINUE
LiNODTF
il L
LEdar
1006 Cobd b Inle
C s mm e o e s s s Close the 1nput tile.
b 1ol CLUGE (LHLIT=12)
3
1 C e ittty Open the Random Nuiber Generator
C Seed +T1le -~ i109ical unit 1+,
?‘ OFEM (UNIT=14)
N
WRITE (13,1304)
1204 FORMAT ('07,T21,’Random Number Generator Seed File',/,
I B3 B e mmmmeeoe- —mm= =mm)
DA 123 I=1,1000
€ mmrmoso o ssm oo ssssemmm e Transter a record trom the 1nput
C file to the butrter HCORE.
?“ READ (14,1401 ,END=121) SCORE
1401 FORMAT (AZ72)
WRITE (13,1302) GCORE
LS et 1+ SCORE(L1:1) i1s a *>»', tnen SCORE
< should contain data and & valid
C keyword. S0, see 1% SCORE(2:3)
C does contain a valid keywoard. 1f 1t
Cc does, transfer the data trom SCOKE
C to the input vari1able.
IF (SCORE(LI1) .EQ. *2") THEN
IF (SCORE(Z:Z) JECG. '1U’') THENM
READ (LCORL(%:iiv), ' vIl%)?) IU
LLOE
1F (LlGE (22 sl "IXK') THEN
READ (LCOKE(S:19),'(11%) ") IX
ENRIF
eMDIF
EMDiF
1.0 (G B ERIV] 3
z e e e i Close the an,w. file.
@
121 CLOSE (UNIT=14)
999% FETUKRN
€MD
F-10
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does contaln a valid keyward. It 1t
doen, transfer the data trom SCORE
toe the 1nput variable.

(5CORE(L1:1) .EG. *>') THEN
IF (SCORE(Z:4) .tQ@. 'LEL’) THEWN
STLBL (1:172) = SCORE(&6:77)
ELSE
IF (SCORE(2:2) .EQ. V') THE
DO 210 E=0,25%
IF (CORE(3:+) .EQ. WUMBEK(K)) THEN
EVMCHT - EVHCNT + 1
EVHLVL (EVMCNT) = K
FCoL = 0
LCOL = 0
FORM = ' {E15.7)°
DD &0 J=o,72
IF (5CORE(J:d) .NE. ' * LAND.
SCURC(J:J) .NE. ’3') THEN

FCOL = ]
GO TO ol
LEHDIF

COMT INUE
IF (FCOL .0G7. V) THEN
DU 70 J=FCOL, 72
IF (2CORE(J:J) .E@. ' ' .OK.
SCORE(J:J) .EQ@. ’3') THEN
LCOL = 3 - 1
60 TO 71
ENDIF
CUNTINUE
FORM{3:4) = NUMBER(LCOL-FCOL+1)(1:2)
IF ((LCOL-¥FCOL) LT. &) FORM(G:&) = FORM(4:4)
READ (SCUKRE (FCOL:LCOL),FORM) EVM(EVMCNT)
FCOL = O
FORM = *(E15.7)"
DO G0 J={LCOL+1),72
IF (SCORE(J:J) .NE. * ' .AND.
SCORE(J:J) .NE. '3’) THEN

FCOL = 1J

GO TO ©l
ENDIF
CONT INUs

IF (FCOL .GT. 0) THEN
DO 90 J=FCOL,72
IF (5CORE(IIJ) JEQ. " ') THEN
LCoL = J - 1
GO 70 9t
ENDIF
COUNTINUL
FORMISI4) = MNUMBER{LCUL-FCOL+1) (102)
IF ((LCuL-FCulL) LLT. &) FORM(aisa) = FORM(4:4)
KEkAD (_LCURE(FCOL:ILCUL) ,FURM) EVIW(EVICINT )
Lok
EVUMWLVMCHNT)Y = 1,0
LHDIF

F-9
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Liddai
LD it
(RN
“qu [ NS SN
O e el g Cloze the 1nput file.
41 CLO-t (UNIT=11)
NELMT = DOUR(L)
1ISTF = DOOR (L)
IPRINT = DLUUKR(3)
I = DUOK (4)
J6 = LOIR ()
1A = PUOR(a)
I = DUOR(7)
Fi = DOOKR(S)
PP = DUOK(9)
STHPEZE = (ENDS - bEGIH)Y 7 MNELMT
o 44 I=1,PARKNHU
FARMHI (1) = FPARMHI(I) - PAKMLOCTL)
FPARM(T) = (FARM(IL) - FARMLO(I)) /7 FARNMHI(I)
4o CCHTINUE
Lo 50 I=L,2%
Lturiel) = 0.0
SUMLVLILIY = 0.0
1w SO L UE
oMot = @
O sttt ldid Open the fleasured Energy Data File
C -- logical unit 12,
OFEN (UNIT=12)
WRITE (13,1205
1302 FORMAT (707 ,TLE, "Measwred Energy Data File',/,
' R Bt ———m et
o3 100 I=1,1000
T moemeem—eseeeo——e S e Transter a record trom the 1nput
C fi1le to the buffer =CURE.
READ (12,1201,END=101) LCUORE
1201 FGRMAT (A22])
WEITTE (13,1.02) 2CORU
[ S m o s oo e s e it 5CORE(L1:1) 193 & '>', then SCOKE
( should contaln data and o valid

ke sword. So, see 1t SCORE(ZI4)

F-8
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Frogrom: SUBROUTINE FUTRND
Verwsion: 64.11.30
Author FPaul H. Ostdiek

Alr Force lnstitute of Hechnology
vright-Patterson Alr Force Baune, OH

Description: Th:is rout:ne stuores the random nunber gQencrator seed
values used by MINUM an a fi1le (unit 14) faor future
reterence.

SUBROUTIME UTKRMND (LU, 1)
INTEGER%xD> IuU, IX

------------------------------- FPut the current random number
generator seed values into a tile
for future reterence.

OFPEN (UNIT=14)

WRITE (14,1401)
WRITE (14,1402)
WRITE (14, 1403)
WRITE (1<4,1401)
WRITE (14,1404) IU
WRITE (14,1405) IX

FORMAT (70 XXAXXKEXXXT ), " ¥4

FORMAT (" %4% vewds for a random number generatar i1n MINUM’,
+°? Xx¥%X")
FORMAT (' ¥#% called by program DIATOM 'y
17 *%Xx')

FORMAT (*>1U=",119)
FORMAT (’>1Ix=’,I195)

------------------------------- Write the end-of~fi1le mark and
close the fiie.

ENDFILE (UN1T=14)

CLOSE (UNIT=1i4,S5TATUS='KEEP”)

KETURN
£ND
F-22
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C

Cc Verwion:! 59.11.20

C

C Author : Paul H. Ostdiek

C Al Force Institute of Techrnology

C Wright-FPatterson Alr Force Base, UH

C

C Descraiption: WRVE control. the v.ccution ot FUN {and theretore

o ELOEN), Tukiiak, aend FUTWAV to calcu-

n Tote and sture the normalized wave functions. This
1= done 1n an 1terative fashion ftar each wave func-
tion once the eigenvectors are returned traom FUN.

C- e e e e e e e m tm s e e e e a = cm s am s cs cm am e e s e e A = Ss em e o e e s te - e e e e mm . am e e e A o = e - - -

SUEHROUTINL WAVE

CrHaAnsnCTER¥YZ ZILEL

LATEGLER LLMT, 1, NUOEVAL, JOBN, N, NELMT, EVMCNT, EVHLVL(Z25),

+ NOPMTS, LEVEL, HUNDRD

‘.-4- e AL EVM(ZS), STPSIZE, NODE(101), PSIVAL(<02),

+ BEGIN, EVAL(202), EVECt(2Z0Z,202), H(20503), S$(z02,49),

+ EVMW(ZY), RESID(ZL), MIN, HBAR, MU, L(202,4)

CamMidid JENERGY/Zs  EVM, EVMW, RESID, EVMLVL, EVMCNT, STPSZE,

+ MELMT, BEGIN, HBAK, MU

CompioM /EIGENS/ EVAL, EVEC, NOEVAL, JOEN
g CLMNoON /MATRIS/ Hy, S, L, N
‘ CuMMON /WAVFUIl/ NODE, PSIVAL, NOPNTS, LIEVEL
. CUmiMoON /CHRLEL/ STLBL
3

€ rrmmm s s o s e e s mm e Call function FUN using
C MINUM’s “"best" potential encrgy
' C paraneter swet to get the
S C el1genvalues and vectors.
- MIN = FUN{FA)
$. URETE (123,1200) MIN
L IO BORMAT (POThe 2um ot residusls squarcd 1si’',015.7)
t
b MODE(L) = BEGIN
;-f I 10 I=2, (HELMT+1)
MUDE(I) = MODE(I-1) + STPSZE
o 10 COMTINUE
o WNOPNTS = N
= HUNDRD = 100
F-23
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L
}
; ELMT = 25
IF (NOEVAL .LT. 25) ELNMT = MNOEVAL
C  m-mmmos s s m e — Upen the wave function autput fi1le.
OPEM (UNMIT=17)
[ e e b Write the label/comment read in trom
C un:t 12 in READER.
WRITE (17,1701) STLRL(L:55)
17701 FORMAT (' >LALL=",AL5)
: L e g e s Write Lhe matrix 5 to the wave
i‘ i function output fi1le.
»
20 50 I=1,MN
WRITE {17,1702) I, (S(I,3),J=1,4)
17072 FORMAT (’>37,13,4615.7)
c0 COMTINULE
% -
i Lo e Normalize each eigenvector (wave
C function} stored i1n EVEC. Then
[ c write it to the wave function
F C aoutput file,
E ry DO 100 LEVEL=1,ELMT -
DO 110 I=1,N :
b PSIVAL(I) = EVEC(I,LEVEL)
r 110 CONTINUE
- o
: C i el NORMAL rnormalizes the eiyenvectors R
3 C (wave function values). v
Pf CALL NORMAL
2
= C e e e PUTWAY writes the wave functiaon to
{. c the output file.
CALL PUTWAV
100 COMTIMUE
€ et eme oo Wrate an End-0f-File mark and close <
C the output +ile.
EMDFILE (UNIT=127)
CLOSE (UMNIT=17)
999% RETURH X
4 EMND
F- 24 ,
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Frogram SULROUTINE WNORMAL
Version! 84.11.30
Author: Paul H., Ostdiek

Alr Force Institute of Technolagy
Wright-Patterson Air Force Base, OH

Description: This routine normalizes tihe wave function reterenced
by LEVEL.

OO0 0O00N00 00000

[ SUEBROUTINE MNORMAL

INTEGER I, J, K, KK, M, NOUEVAL, NOPNTS, LEVEL, JUBN,

* EVFILVL (25), EVMCNT, NELMT, 1ER, IL, I3, 1202
o
\ KEAL EVYMi2S5), STPSZE, NODE(101), PSIVAL(z02),

+ SYGin, EVAL (202), EVEC(202,202), H(Z0503), S(202,4),
Eviid (25), RESID(25), AREA, SUM,
£(202), HBEAR, MU, L(202,4)

' COMMIN /ENERGY/ EVM, EVMW, RESID, EVHMLVL, EVMCNT, STPSZE,
+ NELMT, BEGIN, HBAK, MU

COMMON /EIGENS/ EVAL, EVEC, NOEVAL, JOBN

COMMUON /MATRIX/ H, %, L, N

COhMON /WAYFUN/ NODE, FSIVAL, NOPNTS, LEVEL

DevA 1L, (3, 1202 71, 3, 202/

AREA = 0.0
LS e it Multiply S¥FSIVAL = A
c
C VMULGF 1s an IMSL routine for matrix
C multiplicatian.,
C {Band Symmetric storage mode times
c Full storage mode.)
CALL VMULOF (3, N, 13, 1202, PZIVAL, Il, 1202, A, 1202)
O e s Multiply PSIVALXA = AREA
c
C VMULFF is an IMLL routine tor matrix
C multaiplication.
c (Full storage mode times Full
K J c storage mode.)
CALL VMULFF (PSIVAL, A, I1, N, 11, I}, 1202, AKEA,Il, lEk)
F-25
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€ meme e e e Norwalize the wave function.

| DO SO I=1,N
PSIVAL(I) = PSIVAL(I) / SORT(ALS(AKEA))
©0 COMT INUE

9929  RETURN
END

o
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CHNa e e din Ate 5

. e

C _________________________________________________________________________
o A
c Frogrom: OSUBROQUTINE FUTWAV 4
c
C Versaon: ©d4.11.30
c
c Author: Faul H., Ostdiek .
c o
C Air Force Institute ot Technology :
C Wright-Pattersaon Air Force base, OH f
c
c Descraiption: PUTWAY wirites the value of the current wavetunctaion :
c the nade value, and the cubic spline caoefficients
C to a file (logical unit 17).
C - 4
R e i i i bbb el |
SUEROUTIME FUTWAVY .
1
INTEGER NOPNTS, LEVEL, VIBLVL, I, J :
- 3
REAL NODE (101), P3IVAL (202) 3
<o
COMMOM /WAVFUN/ NODE, PSIVAL, NOFNTS, LEVEL %
s
C  memmmmme e m - Write the vibrational quantum number T
’ - C s & count number, wave tfunction
L ~ 8
@ value to cach recard.
VIELVL = LEVEL - 1
DO 10 I=1,NOPNTS
WRITE (17,1701) VIBLVL, I, PSIVAL(I)
1701 FORMAT (*>',214,G15.7)
1 COMTINUE 3
959y RITIRN 4
THD
<
R
S
o, ;4
e
1
-
o - P
F-27
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L O il e e e bt ]
C -
c Program: SUBROUTINE OUTPUT
—- 4
C
c Version: 84.11.30
C
c Author: Paul H. Ostdiek
C
Cc Air Force Institute ot Technology - b
c Wraight-Fattersan Air Faorce Base, OH
c
c Descraiption: OUTFUT controls the execution of output routines
c GETPOT, PRNVTER, PLTRES, and PLTFOT.
C
i m s s s s et e e e e e e e e T e e e e e e m e m s s — - )
SULFOUTIMNE QUIPUT (FR, PP) i
INTEGEk FR, PP
FEAL R(1000), POTVAL(1000) .
e e T Subroutine GETFOT calculates the )
c value of the potential energy madel K
C at 1000 grid points. o
.- CALL GETPUT (R, POTVAL) iied
. <
T e e R Subroutine PRNTER writes to the ]
¢ output listing tile. 5
CAal.l PRNTER (K, POTVAL) i
[ e e R il Use PLTRES to creete & residual plot . *ﬂ
c frle 1f the user set FPR=1 1n the _ j
C input fi1le (umit 11). S
IF (PR HE. 0) THEH
CALL FLTRES
EHD I 4
T
LS bttt Use FLTFOT to create a potential TS
c energy piot file 1f the user set S
C PP=1 in the 1input tile (unit 11). I
IF (PP .NE. O) THEN
CALL PLTPOT POTVAL)
ENDIF
9999 RETURN
@ EMND
F-28 ,
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c 3
C Program: SUBROUTINE GETPOT -
c
c Version: 84.11.30 S
C R
c Author: Paul H. Ostdiek e
c '}‘:
C Alr Force Institute of Technology -
c Wright-Pattersarn Air Force Base, OH
c
c Description: Thie routine calculates the value of the potential
z energy model at 1000 grid points using the best 4
C parameter scot.
c }
o e i e ekt )
1
SUBROUTINE GETPOT (R, POTVAL) 1
INTEGER EVMCNT, I, MELMT, EVMLVL(295)
- 4
FEAL BEGIN, STP3ZE, R{1000), POTVAL(1000), RO, R1l, PO, DPO,
t PL, DF1, EVM(2%5), EVMW(25), REZID(235), STEP, HEA®™ NMU %
COSMMON /ENERGY/  EVM, EVMW, RESID, EVMLVL, EVMCNT, STPSZE, - 4
v NELMT, BEGIN, HBAR, MU O
.‘. ]
STEP = (STPEZZE ¥ NELMT) / 1000.0 .
Da 10 I=1,999 )

RO = BEGIN + (STEP ¥ (I-1)) ]
K1 = RO + STEP ST

s
€ memmmmmesermosommmoc——m—o--m- FOTENT returns the value of the : J
c potenti1al functian at RO and Kl. RN
Yo
CALL POTENT (RO, R1, FO, DFO, P!, DPI) B
> ~.’
R(I) = RO '
FOTVAL(I) = PO .
IF (I .EQ. 999) THEN -;;1
R(I+1) = R1 S
POTVAL(I+1) = P1 ST
ENDIF S
10 COMT INUE -3
- <
5579 RETURN -
EMND
o
' ]
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FProgram: SUBKOUTINE PRNTER
Version: 84.11.20
Author: Paul H. Ostdiek

Arr Force Institute of Techrnology
Wright-Patterson Air Force Base, OH

Description: Thise routine prints the best set of potential
parameters, the value of the potential function

using these parawmeters, the observed and Calculated

enargy levels with residuals.

SUEFRJUTIHE PRNTER (R, POTVAL)

INTEGER I, J, N, NOEVAL, PARMNO, EVMLVL(25), EVMCNT,
MELMT, ITL, IT2, IT3, IT4, ITS, ITé, STOP, JOBN

REAL EVAL (202), EVEC(202,202), H{Z0503),
S(202,4), R(1000), POTVAL (1000), PARM(10), PARMLO(10),
PARKMHI (10), EVM(25), EVMW(25), RESID(25),
STPSZE, BEGIN, CONST(10), HBAR, MU, L(202,4)

COMMON /ENERGY/ EvVM, EVMW, RESID, EVMLVL, EVMCNT, STPSZE,
NELMT, BEGIN, HBAR, MU

COMMON /PARM3/ FARM, FARMLO, PARMHI, CONST, PARMNO

COMMON /EIGEMI/ EVAL, EVEC, NOEVAL, JOEN

ComMMON /MATRIX/ H, S, L, N

--------- e emsm-~-----~------Rggcale the parameters for display.

DO 10 I=1,PARMNO
PARM(I) = PARMLO(I) + PARM(I) ¥ PARMHI(I)
CONT INUE

——————————————————————————————— Print the best parameter set.

WRITE (13,1301)
FORMAT ('iThe "best" set of potential energy parameters 1si’)

WRITE (13,1302) (PARM(I),I=1,10)
FORMAT ('0',5(G1%.7),/,5(G15.7))

------------------------------ Print the value of the potential
function at 1000 grid points.

WRITE (13,1303)
FORMAT (’0’,’The values of the potential areil’)
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DO 20 I=1,200
WRITE (13,1304)

FORMAT (°
CONTINUE

',fi(’

—————————————————————————————— Print the observed and calculated
energy levels and the residual.

WRITE (13, 1209)

FORMAT (’1The weighted energies, eigenvalues, and residuals:’)

DO 25 I1=1,2%
WRITE (13,1308)
FORMAT (' *,1I2,

CONT IHUE

------------------------------ Print the calculated energy levels

WRITE (13,1305)

R(I),POTVAL(I),R(I+200),RPOTVAL (I+200),

R(I+400),POTVAL(1+400),R(I1+4600) ,POTVAL(I+a00),

R(I+800),POTVAL (I+800)
ST LF7.4,015.7,2X))

EVMLVL(I), EVMWI(I), EVM(I), EVAL(1), RESID(I)

2%,F7.5,3615.7)

FORMAT (’0OThe calculated eigenvalues are!l’)

STOP = 24
IF (JOBN .NE. O) STOP = N
Do 40 1=0,24

ITT =1 + 1

ITZ2Z = 25 + 1

IT3 = St + 1

IT4 = 76 + 1

ITS = 101 + 1

ITe = 126 + 1

IF (=TOP .LT. 1IT&) THEN

IF (STOF .LT.
IF (52T0FP .LT.
IF (STOP .LT.

IF (STOP .LT.

IF (=7T0OFP

ITS) THEN

IT4) THEN

IT3) THENM
ITZ) THEN
SGE.ITL) THEN

WRITE (13,1306) I, EVAL(I+1)

FORMAT
ENDIF
ELSE

WRITE (13,1307) I, EVAL(I+1),

FORMAT ('
ENDIF
tLSE

WRITE (13,1311) I, EVAL(I+1),

FORMAT (' °
EMDIF
ELSE

B P P P S Y . ol R
taVa‘a’a® At ataratlata®st oot ot

(* *,13,2X,615.7)

(I+26), EVAL(I+27)
', 2(13,2X,615.7))

(I+26), EVAL(I+27),
(I+51), EVAL(I+52)
,3(13,2X,615.7))
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WRITE (13,1310) I, EVAL(I+1), (I+26), EVAL(I+z2), ]
+ (I+51), EVAL(1+52), (1+7a), EVaL(1t77) -
1310 FORMAT (' *,4{13,2},6G15.7)) - 4
ENDIF .
ELSE L
WRITE (13,1312) I, EVAL(I+1), (I+26), EVAL(I+27), e
+ (I+51), EVAL(I+S2), (I1+7a), EVAL(I+27), cU
! (I+101), EVAL(I+102) )
1712 FORMAT (' *,5(13,2X,615.7)) k
EMDIF
ELSE
WRITE (13,1313) I, EVAL(I+1), (I+28), EVAL(I+2s),
(I+51), EVAL(I+52), (1+7&), EVAL(I+77), E
+ (I+101), EVAL(I+102), (I+1Z2a), EVAL(I+127) -
1313 FORMAT (' ’,5(13,2%,615.7)) 1
EMDIF :
40 CONT IMUE ;
IF (STOF .GE. 2&) THEN .
I =25 i
.
WRITE (13,1308) I, EVAL(268)
EMDIF
©996 RETURN ]
END 4
i d
1
AR
e
4
'.1
1
R
- <
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(" __________________________________________________________________________
C N
c Program: SUBROUTINE PLTRES N 4
c 4
C Vercion: 24.11.20
C
c Author: Faul H. Ustdiek
C
C Alr Farce Institute ot Technology
(o Wright-Patterson Air Force Base, OH 4
C
C Description: PLTRES creates a file (logical umit 195) containing
o the residuals of the least squares fit far plotting.
C
o = m e e e e e e e e e e - —————— - E |
{
SUBROUTIME PLTRES )
INTEGER EVMCNT, EVUMLVL(Z295), NELMT i
REAL GEGIN, EVM(2S5), EVMWI(23), RESID(25), STFSZE, HBAR, MU
ComMMOn /ENMERGY/  EVM, EVMW, RESID, EVMLVL, EVMCNT, STPSZE,
+ MELMT, BEGIN, HBAR, MU
O e i Open the output file.
GFEN (UNIT=13)
L e e Write the vibrational quantumm number
C and the residual value to the file.
DO 10 I=1,EVMCNT
WRITE (15,1%501) EVMLVL(I), RESIDC(I)
1501 FORMAT (* ',13,615.2)
16 CONTINUE
C  memmmm e e e Write an End-0+-File mark and close
C the gutput file.

ENDFILE (UNIT=1%)
CLOSE (UNIT=1S)

9999  RETURN e
END ]
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Frogram: SUBROUTINE PLTPOT )
Version: 84.11.30 |
Author: Paul H. Ostdi=zk '{
Air Force Institute or Technology .
wright-Fatterson Alr Farce Base, OH ;
Lescrapt.oon: PLTFPOT Creates a file containing the value ot the
potential energyy model at 1000 graid points.
CUSROUTINE PLTPOT (R, POTVAL) 1
1HTEGER 1
REAL R(1000), POTVAL(1000) - 4
------------------------------ Open the autput file.
CGFEN (UNIT=16&) 1
—————————————————————————————— Write the grid position and the e
value of the potential energy model. 1
5
DO 10 I=1,1000 .‘t::
WKRITE (156,12501) KR(I), POTVAL(I) G:f\
FORMAT ¢ 7,2615.7) - '_,.:
COMTINUE v
4
------------------------------- Write an End-0Of-File mark and close
the file.
ENDFILE (UNIT=1¢&)
CLOSE (UNIT=16&)
4
RE TURHN . R
EMD 9
-
q
p
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Fragram: SUBROUTINLG TrRALILK
Verwion: gd,11.Z0
Author ! Fauwl H., ustdiek

Alr Force Institute ot Technology
Wright -FPattersan Alr Farce Pase, 0OH

Deecriptaion: TiAllKk closevs the output lasting fti1le (logical
unites 13 and o) and stops the CPU and wall time

usne Btatistics,

CUBROUTINE TRAILR

—————————————————————————————— Shut down

CALL ETIME
CaLL WTIME

the run statistics,

------------------------------- Close the listing outputs.

CLOSC (UNIT=13,STATUS="KEEP*)
CLOZE (UNIT=8)

FEETURN
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ELZE
WKITE (13,1302)
Lo FORMAT ('OERKROR -- Wavefunction grids do not agree’)
ENDIF i ]

-
\

C e e Cluse the output file and run :.ﬁj
c statintics. RN

Lo
PR

CALL TRLFCF

9999 END ]
$ADD, HDRFCF
$ADD, RDRFCF
4ADD, CLCFCF
4ADD, DUTFCF ) 4
$ADD, TRLFCF

a
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C  mmmmsmem s e mm e oo Read in all data concerning the

Cc wave functions of the upper state o

(o from logical unit 12, - :
LUNIT=12

CALL RDRFCF (LUNIT)

C  mmmmemm et et e e - Make sure the grids used +or both
C states have the same number of grid
c points.
IF (NOPNTA .EG. NOFPNTE) THEN
€ mmemm e o e e e o Make sure both wave function sets
C used 1dentical S matricies.
SOK = JTRUE.
DO SO I=1,NOPNTA
IF (SA(I,1) .pNE. SB(I,1)) SOK = .FALSE.
IF (SA(1,2) .NE. SB(1I,2)) SOK = .FALSE.
IF (SA(I,3) .NE. SEB(I,3)) 0K = ,FALSE.
IF (SAtI,4) .ME. SE(l,4)) S0OK = .FALSE.
IF (.NOT. COK) GO TO Si
<0 CONTINUE
C mmrmm s m e e e Calculate the Franck-Condon tactor
c for every combination of the wave
C functions from the two states and
Cc store the value 1n FACTOR(LVLA,LVLEB)
51 IF (3S0K) THEN
DG 200 I1=0,24
LViA = 1
DO 100 J=0,249
LVLBEB = J
C  ee e e m e r e CLCFCF computes the Franck-Condon
c factor for the two wave functions
C PSIA(LVLA) and FPSIB(LVLE).
CALL CLCFCF (LVLA, LVLB) X
- <
1¢o CONTIMUE o]
Z00 CONTINUE T
L e e e it OUTFCF writes a table ot Franck ;
c ~Condan factars to the listing. L.
CALL OUTFCF -
"
ELSE . 4
WRITE (13,1201) R K
1701 FORMAT ('OERFOR -- Matricies S do not match’) SO
ENDIF T
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Appendix H -
Program FCFACT x
-
Crmmm e e - R et e i
C 9
c Program: FCFACT -3
C ,71:1
C Version: 64.11.30 PR
c R
Cc Author: Paul H. Ostdiek 1
c
c Alr Force Institute of Technology
< Wright-Patterson Air Farce Base, OH
c ..
c Description: This program calculates the square of the inner 4
C product between each wave function from two sets. E
C This 15 the Franck-Condon factor. Each wave _;
c function set 1s expected to have 25 (v=0 tao 29)
Cc wave functions in the farmat used by DIATOM.
C
c 1/0 logical unit 6 -- output listing file ]
c 11 ~-- input file (wave set 1 v’) A
C 12 ~- input file (wave set 2 v')
Cc 13 -- ogutput listing tile
C (same as unit &)
C
C m o = e e ———————————— e
]
PRGGRAM MAIN .:‘_A_;‘_;.;
<
CHARACTER¥72 LELA, LELB 1
- s
INTEGER I, J, LVLA, LVLB, LUNIT, NOPNTA, NOPNTB ““’T
LOGICAL SOK
REAL FACTOR(0:24,0:24), PSIA(1:202,0:249), PSIB(1:202,0:249),

+ SA(202,4), SB(202,4) ,
COMMQON /DTHFCF/ FACTOR, PF51IA, PGSIB, 5A, SB, NOPNTA, NOPNTB ]
COMIHON /LABELS/ LELA, LBLEB ' A

L e et Open the output lausting file, print ]
C the header, and start run stats.

<

CALL HDRFCF .
Lo i bttt Read 1n all data concerning the ;1
c wave functions of the laower state -y
c from logical unmit 11, 1
LUNIT = 11 '

CALL RDRFCF (LUNIT) o
H-1 R
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Appendix G
Program FCFACT Flow

READER

]
G-2
\

START
FCFACT
\
WORFCF
cAWy: BTIME
STIME
DATE
TIME
ULERMD
y
g
\
:?:As lAu(-‘ + |l wave Funmon
\ > Uy DATA SET A
y
ADRFCF LABEL
——— S MATRIY,
READS ALl WAVE FuncTion
DATR 1 UNIT S i e &
17 !

R R Y
ct et et ettt o
Cactae ! -

2 A’ aa’ e’ alaza®

WAVE
FUNCTION
Ser

A

unT W

WAVE
FunetTion

SET
&

UWAMIT L

N4

CLLECF

CALCULATE ThE
FRANCK ~ CONDON
FActoR FoR Two
WAVE FuucTions
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FIRST = .FALSE.

ENDIF 1
-
PREFIX = CONST( (L) /7 (TR(Z2) - TP(1)) ¥ -1.0 4
KATIO = CON3T(2) / R1 {
R
——————————————————————————————— Caltulate the value ot the o
potential energy Pl and its slaope ;_Cj
DF1 at the right edge R1 of the -
grid element.

1 = TP(31+(FPREFIX¥(TP(2)¥(RATIOX¥TP(1})-TP(1)X{(RATIUX*TF(21)1)) .
DP1 = PREFIAKTR{L)I¥TRP(2)/(TP(2)-TP(1) ) ¥ (RATIUXXTFP(2) -RATIOC*%¥TF (1)) 1
——————————————————————————————— Limit 1nfinity to & usable number. E 3
IF (P1 .GT. 1£10) THEN j
P1 = 1EI0 s
DP1 =-1E10 !
ENDIF -
.4
—————————————————————————————— Calculate the value of the _A
potential energy PO and its slope Te
DFO at the left grid edge RO. Also :
limit anfinity. .
IF (RO .EG. 0O) THEN e
IF (P1 .GE. 10000.0) THEN ! {
FO = ! :
DrQo = DR} .
ELoE N
FG = LEL10 .
DPO =-1E10 9
ENDIE !
ELLE -
RATIO = CONST(2) / RO ;

PO = TP(3)+(PREFIX¥X(TP(2)X(RATIOXXTP (L)) -TP(L)X(RATIOXXTF(2)1))

DPO PREFIXNXTP (L) XTP(2) /7 {TP(2)-TP (1)) X(RATIOUXXTF(2) -RATIOX*TF (1))

IF (PO .GT. 1EL10) THERN

FO = LlEI1O
DFO =-1E10
ENDIF
ENDIf
RETURW
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Program: SUBROUTIME FPOTENT (iMie)
Version: g4.11.30

Author: Paul H. Oustdiek

con0o0On

Ailr Force lnstitute ot Technolagy
Wright-Fatterson Air Force Base, OH

coOoon

Description: This routine returns the potential energy velue and
slope at the left and right grid element boundaries.
The Mie function is used a wodel.

OO0

TUBROUTINE FOTENT (KU, K1, PO, DPO, PL, DPL)
INTEGER 1, PARNNO
LOGICAL FIRST

REAL PARM(10), PARMLO(10), PARMHI(10), RO, R1, PO, DPO, Pi, DP1,
+ TP(10), CONST(10), PREFIX, RATIU, UPPER(10)

- COMMOM /FARMS/ FARM, PARMLO, PARMHI, CONST, PARMNO

9

DATA FIRST /.TRUE./

L ettt ittt el Scale the potential parameters PARM
c to get correct parameter values TP.

DO 10 I=1,PARMNO

TP(I) = PARPMLO(I) + PARM(I) ¥ PARMHI(I)
UPFPER(I) = PARMLOC(I) + PARMHI(I)

10 CCMTINUE
IF (FIRST) THEN
URITE (13,1301)
1301 FORMAT (/,/,'OPotential Model used is fMie')
WRITE (13,1302)
12062 FORMAT (’0Zz Constarts and 3 Parameters are used’,/,
+ ' Constant 1 15 the Dissociation Energy’,/,
* * Constant 2 is the Internuclear Separation’,/,
Peruneter 1 ts the pawer alpha’,/, .
+ ' Faramneter 2 is the power beta’,/, L
4 ' Parameter 3 is the energy shift’) t}f
UFITE (13,1303) AR
s | G FORMAT (0 Number Canstant Paramneter L',
4 'awer Limit Upper Linit’,/,’ —~=---ce-==--- -1

D13 20 1=1,10 N

WRITE (13,1304) I, CONST(I), TF(I), PAKMLO{(I}, UFPER(1) .

1204 FORMAT (’ *,5X%X,12,5%,4(2:,615.7)) O
20 CONTINUE )

F-43 RS




PREFIX = CONST( (L) ¥ TP(2) /7 (T

Fi1) - 7#i2))

-4

3

FIR3ST = .FALSE. A ’}
ENDIF T
oo .j

4
KATIO = CONST(2) /7 Kt ]
IF (&kATIO .GT. &6.9) RATIU - 0.9 Q}Ai
T mmmemmmmm e Calculate the value af the
C potential energy Pl and its slope Y
c DP1 at the right edge R1 of the )
Cc grid element.
5
PL = TP(3)+(PREFINX (RATIOA¥TF (L) -((TF (1) /TP(2) I *RATIOCXXTP(Z)))) :%
DF1 = PREFIX % (TP(1)/R1)® (KATIOXxTF2) - RKATIOX*TP (1)) :
C - mrmmmem s s e Limit infinity to a usable number. .
4
IF (P! .GT. 1E10) THEN
F1 = LlE10 o
DP1 =-1E10O .
EMDIF e
€ mommmmem e s — e Calculate the value ot the ;
c potential energy PO and its slope ]
C DFPO at the left grid edge RO. Also R
. c limit infinity. ’
"...,
L J
If (RO .E@. 0O) THEN
IF (Pl .GE. 10000.0) THEN
PO = Pl
DPO = DP1L
ELSE
PO = 1E10
PO =-1E10
EMDIF
CLSE
RATIO = CONST(2) / RO
IF (RATIO .GT. &.5) RATIO = 4.3
PO = TP(3)+(PREFIX¥(RATIOXATF (1)~ ((TP{1)/TP(2))%X¥RATIOXXTF(2))))
DPC = PREFIZA¥(TP(1)/RO) ¥ (RATIOX¥TFP (2)-RATIOX¥TF (1)) - 1
IF (FO .GT. 1E10) THEHN C)
FO = 1E10
DFO =-1EL0 ]
EMDIF
ENDIF ]
G2t RETURN
END
P N
F-42
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Frogram: SUBROUTINE POTENT {(Lennard-Jones)
Version: o4.11.30
Author: Paul H. Ostdiek

Ailr Force Institute of Technololy
dright-Patterson Alr Faorce Base, OH

Dezcraption: This rautine returns the potential energy value and
slope at the lett and right grid element boundaries.
The Lennard-Jones model is used.

OO0 0000 0NN

c _______________________________________________________________________
SUBROUTINE POTENT (RO, Ri, PO, DFO, Fl, DP1)
INTEGER I, FPARMNO
LOGICAL FIRST
KEAL PARM(10), PARPMLO(10), PARMHIC(10), RO, RL, PO, DPO, PL, DPi,
+ TFP(10), CONST(10), PREFIX, RATIO, UPPER(10)
COMMON /PARMS/ FARM, PARMLO, PARMHI, CONST, PARMNO
DATA FIRST /.TRUE./
L et et Scale the potential parameters PARM
Cc to get correct parameter values TP,
DO 10 I=1,PARMMO
TP(I) = PARMLOC(I) + PARM(I) * PARMHI(I)
UPFER(I) = FARPMLOC(I) + PARMHI(I)
10 CLNTINUE
I (FIRET) THEHM
WRITE (12,1301)
1201 FORMAT (/,/,’OFotential Model used 15 Lenard-Jdones’)
WRITE (13,1302)
1202 FORMAT ('02 Constants and 3 Parameters are used’,/,
+ ' Constent 1 15 the Dissocietiaon Energy’,/,
+ ' Canstant 2 1s the Internuclear Separation’,/,
+ ' Faraneter 1 15 the power alpha’,/,
* ' Parasmeter 2 1s the power beta’,/,
+ '’ Porameter 2 185 the energy shiftt’)
VRITE (13,1203
LT FOKRMAT (0 Nunber Constant rFarameter L,
'awer Limit Upper Limit’,/,’ ~--=cwer=c--- -1y
ettt P R e LT L "))
DO 20 I=1,10
WRITE (13,1304) I, COWNST(I), TP(I), PARMLO(L), UrPEK(L)
1794 FORMAT (* ' ,S,12,95,4(24,0615.7))
70 COMTINUE
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C  mmmmm e /-Calculate the value of the .
c potential energy Pl and its slope a
C DFP1l &t the right edge R1 of the =
Cc grid element, i
F1 = COMST (1) X (C(L-EXF(EXFNET))I%¥X2)-1)+TP(2) ‘ﬂ
DP! = PREFIX¥(1-CAP(EMPNET)) k
o e Limit infinity to a usable number. 4
]
IF (Pl .GT. 1E10) THEN .
F1 = 1E10
DFY =-1E.D
ENDIF
[TSp——
€ memmmm e mm e e e Calculate the value of the B,
o paotential energy PO and its slope e
c DFO &t the left grid edge RO. Also )
c limit infinity. .
T
;" IF (RO .EGQ. O) THEN
IF (P! .GE. 10000.0) THEM
FO = P1
DFO = DPI
ELSGE
PO = 1E10
DPO =-1EL10
ENDIF
£LeE
EVFHET = TP{1) £ (CONST(2) - KO)
FREFI. = 2 % CONST(1) % TP(1) ¥ EXP(EXPNET)
FO = CONST(1)X(((1-EXP(EXPNET))%X%x2)-1)+TP(2)
DPO = PREFIX*{1-EXFP(EXPNET)) T ]
IF (FO .GT. 1E10) THEN -
FO = 1ELO ~]
DFO =-1£10 ‘q
ENDIF ]
ENDIF e
9999 RETURN
END
. - 4
F-40
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FIRST = .FALSE.
ENDIF

EXFPNET TR{1) % (CONST(2) -
PREFIX = 2 ¥ CONST(1) *x TpP(1l

R1)
) ¥ EXP (EAPNET)




Program: SUBROUTINE POTENT (Morse)
Version: 34.11.30 :'Fff
Author: Paul H. Ostdiek

Air Force Institute ot Technology
Wright-Pattersan Air Force base, OH

Descriptiaon: This routine returns the potential energy value and
slope at the left and right grid element baoundaries.
The Morse function model is used.

OO0 0O0000O0o00n0o00nn

SCUBROUTINE POTEMT (RO, R1, PO, DPO, P11, DPL)
INTEGER I, PARMNO
LOGICAL FIRST

REAL FARM(10), PARMLO(10), FARMHI(10), KO, R1, PO, DPO, Pl, DF1,
+ TP(10), CONST(10), PREFIX, EXPNET, UPPER(10)

““ COMMON /PARMS/  PARM, FPARMLO, PARMHI, CONST, PARMNO
DATA FIRZIT /.TRUE./

€  ~rmmm s m e m s Scale the potential parameters FARM
c to get correct parameter values TP.

DO 10 I=1,PARMNO

TP(I) = PARMLO(I) + PARM(I) % PARMHI(I)
UPPER(I) = PARMLOC(I) + FARMHI(I)

10 CONTINUE
IF (FIRST) THEN
WRITE (13,1301)
1301 FORMAT (/,/,'0OPotentiul Model used is Morse')
WKRITE (13,1302}
1302 FORMAT (’02 Conutants and 2 Parameters are used’,/,
’ Canstant 1 is the Dissociatian Energy’,/,
' Convtant 2 is the Internuclear Separation’,/,
' Parareter 1 15 the factar beta’,/,
' Paramzter 2 15 the energy shitt’)
WEITE (13,1303)
1703 FORMAT (’0 Numnk et Canstant Parameter L',
K4 + ower Limit Upper Limit’',/,’ -—-==-==c--==- -’

+ o+ o+

+

DO 20 I=1,10

WRITE (13,1304) I, CONST(I), TP(I), PARMLO(I), UFPER(I)

1704 FORMAT (' *,5%,12,9%,4(24,615.7))
20 CONTINUE

F-39 S
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C  mem s s e s e s e m e m e m e — Calculate the value of the
- C patential energy Pl and 1ts slaope i
ri C DF1 at the raight edge Rl of the
N c grid elenent.
- PL = TF(L) X RIXA2 + TP(2) ]
e DPL = 2 ¥ TP(1) * RI1 -
P :
. C mmemm s s s s s s m s s Limit 1nfanity to a usable number. ]
b ]
. IF (P1 .0OT. 1EL!O) THEN j
PL = 1ELO 4
DFL =-1E10 ]
EHDIF 4
c itk Calculate the value af the
o potential energy PO and its slope
c DPO at the left grid edge RO. AlsO
C limit infinity.
PO = TFPI(1) % RO¥X2 + TP(2)
DPO = 2 % TP(1) ¥ RO
9999 RLCTURN o
EilD : ]
ey
R
4
-3
9
Vo
n
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c Frogram: SUBROUTINE FOTENT (Single Harmonic CGscillator) _
C ‘
C Versian: 384.11.350
c -." .
c Author: Paul H. Ostdiek e
c -
C Alr Force Institute of Technolaogy ~
o Wright-Patterson Air Force EBase, OH
C
Cc Description:? Thi¢ routine returns the potential energy value and
C slape at the lett and right grid element boundaries.
C The Harmonic Oscillator model is used.
c .
c _______________________________________________________________________
CUBROUTINE POTENT (RO, Ri, PO, DPO, Pl, DF1l)
INTEGER I, PARMNO
LOGICAL FIRET
RCAL PARM{(10), FPARMLO(10), PARMHI(10), RO, R:, PO, DFO, PFi, DPI, i]ﬁ
* TP(10), COMN3T(10), PREFIX, EXPNET, UPPER(10) )
COMMON /PARMS/ PARM, PARMLO, PARMHI, CON3ST, PARMNO .
DATA FIRST /.TRUE./ )
C mmm e e m e mm o Scale the potential parameters PARM 1y
c to get carrect parameter values TF. -
w .
DO 10 I=1,FARPMNO ) .
TP(I) = PARMLU(I) + PARM(I) # PARMHI(I)
UPPERI(I) = PARMLO(I) + PARMHI(I)
10 CONTINUE
IF (FIRST) THEN -
WIRITE (13,1301)
1201 FORMAT (/,/,’0OPotential PModel used 1s Harmonic Uscillator’)
WRITE (13,1302)
1302 FORMAT ('00 Constants and 2 Parameters are used’,/,
+ ' Parameter 1 is the power alpna’,/,
+ ' Parameter 2 is the energy shift’)
WRITE (1Z,1303) -
1702 FOKMAT (’0 Number Constant Farameter L, o
+ 'ower Limit Upper Limit’,/,’' -==--===---=- ="',
+ e et e S G e "))
DO 20 I=1,10
WRITE (13,1304) I, CONST(I), TP(I), PARMLO(I), UPPER(I) ..
1504 FORMAT ( 7’ ,SX,12,5X,4(24,0159.7)) -
20 CONTINUE K
FIRST = .FALSE. :
ENDIF N
F-37 R
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Only one of the remaining four subroutines is used as
subroutine POTENT. The following are routines for the Single
Harmonic Oscillator, Morse, Lennard-Jones, and Mie potential

energy models.

F-36
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Program: SUBROUTINE HDRFCF
Version: 84.11.20
Author: Paul H. Ostdiek

Air Force Institute of Technology
Wright-Patterson Air Farce Base, OH

Dewcription: HDRFCF opens the output listing +ile (logical units
13 and &) and starts CPU and wall time use
stutietics.

NnNooonooDnonOooOonOnDo0n0n

c _______________________________________________________________________
SUBROUTIMNE HDRFCF
CHARACTER¥S VERSM
CHARACTER¥13 PCM
IMTEGER*3 IDATE(I), ITIME(3), IUSER(])
YERSN = '84.11.30"
FPCN = *GEP/84D-6/1.49"
g € memmsmsssmm s e o Initiate the run statistics. o
CALL BTIME
CALL STIME .
€ mmmmmm e e e Get the current date, time, and N
C user nawe far output aon the header

CALL DATE(IDATE)

CALL TIME(ITIME)

Call UZERMO(IUSER)

------------------------------ Open the output listing file and
write out the header

[ IS

JFEN (UNIT=13)
OPEN (UMIT=6)

WPITE (13,1301) IUSER, VERIN, IDATE, PCN, ITIME

1 FORMAT (71 Uzer: 'y4A3,TS1, 'Air Force Institute ot Technology’,
+ Ti19,’Version: ', A8,
. /,' Date: ’',3A3,T114,'FCN: Pynl3,

/" Time! ’,3A3,TS?,’ FRANCK-CONDOUN FACTORS®,/,/)

Hely
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C
C Program: SUBROUTINE RDKRFCF
c - -
C Versioni: 84.11.30
c L
C Author: Faul H. Ostdieh T
c L
C Alr Force Institute of Technolagy
c Wright-Patterson Air Farce Base, OH
C
. Cc Duscription! This routine reads all records from one of two input ]
: C files (LUNIT=11 or 12). Each record read is written -
f C to the output listing (unit 13). Data records are . .
- c marked by a ’'>' in column 1. These recaords contain o
Y c data referenced by a single key ward. All other
: Cc records are caonsidered comments. This routine uses )
C an internal read, g READ (SCORE(5:19),°'(E15.7)’) X
| C reads from columns 89 to 19 aof the character
3 Cc variable SCURE using the edit descriptor E15.7 into
b C the real variable X. - :
l_. C fl
b
3 ittt et ettt b e :
' SUBROUTIME RDRFCF (LUNIT) _?
CHARACTER#72 LBLA, LBLB o
g CHARACTER¥80 SCORE )
INTEGER I, J, LUNIT, NOPNTA, NOPNTB, COUNT, TSTLVL, SCNT ol
REAL FACTOR(0:24,0:24), PSIA(1:202,0:24), PSIB(1:202,0:24), = i
+ 5A(202,4), 3B(202,4) S
1
cCoMiOM /DTAFCF/ FACTOR, PSIA, PSIB, SA, SB, NOPNTA, NOPNTB )
COMmMON /LABELSY LBLA, LELB .
o e Open logical unit LUNIT. .
OFEM (UNIT=LUNIT)
DO 100 1=1,10000
Lol it Transter a record from the input L
c file (unit 11 or 12} ta the buffer T
c SCORE. N
READ (LUNIT,1101,EMD=101) SCORE I
1101 FORMAT (A30) ROME
P c i et 14 SCORE(L1:1l) 15 a *>' then SCORE )
[ may contain data. K
H-5
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1F (SCORE(LI1) JEG. "2)THEN

IF (SCORE(Z

ELSE

REAL
READ
READ
READ
ELSE
KEAD
READ
READ
READ
ENDIF
ELoE

0

IF (LUNIT
IF (LUNIT

:8) .EG. 'LABL') THEN

--------------- This record contains a label for the

state invalved.

3

SCOREL(7:78)
SCORE(7:78)

+EG. 11) LBLA(L1:72)
LEQ. 12) LBLB(1:72)

]

IF (SCORE(Z2:2) .€G. '3') THEN

--------------- This recaord contains data far the

S matrix.

READ (SCORE(Z:5),”(13)') SCNT
IF (LUNIT .E@. 11) THEN

(SCORE(&:120), ' (E1S.7) ) SA(SCNT, 1)
(SCORE (21:35),° (E15.7)7) SA(SCNT,2)
(3CORE(38:50),  (EL15.7)7) SA(SCNT,3)
(5CORE(51:65),  (E15.7) ') BA(SCNT,4)

(SCORE(&6:120), (E15.7)") SB(SCNT, 1)
(SCORE(21:35),’(ELS5.7)") SB(SCNT,2)
(SCORE(36:50), " (E1S5.7) ) SB(SCNT,3)
(SCORE(51:68),' (E15.7) ) SB(SCNT,4)

——————————————— This record must have data tor the

TSTLVL th wave function.

-
y
MR
-4
- 4
<
]
S

READ (SCORE(a:i?), ' (14)’)
IF {LUNIT .E@. 11) THEN

IF (COUNT .GT. NOPNTA)

KEAD (SCURE(Z:S), ' (I4)') TSTLVL

COUNT

READ (SCORE(L10:24),’(E1S5.7)") PSIA(COUNT,TSTLVL)

NUPNTA = COUNT

Z1.SE o
READ (SCORE(10:24),° (E15.7)7) PSIB(COUNT, TSTLVL) g
IF (COUNT .6T. NOFNTB) NOFNTB = COUNT 4
CENDBIF K
ENDIF S
ENDIF -
ENDIF S
100 CONTINUE T
-
C mmrmm et e e e m - Close logical unit LUNIT. :
101 CLOSE (UNIT=LUNIT) -
9959 KETURN
EMD -
H-6
Y
T e e T L e T T e




A A e At e S b Tt s e e S A J S e e nts nate. Aac Thu e man e o T T Y

c ———————————————————————————————————————————————————————————————————————
c

c Program: SUBROUTINE CLCFCF

c

c Verzion! 84.11.30

C

c Author: FPaul H. Ustdiek

Cc

c Air Force Institute of Technology

(o Wright-Patterson Air Force Base, OH

c

c Descraption: This routine calculates the Franck-Condon tactor for
C the wave tunctions referenced by LVLA and LVLB.

c

C _______________________________________________________________________

SUBROUTINE CLCFCF (LVLA, LVLEB)

INTEGER I, J, LUMIT, NOPNTA, NOPNTB, LVLA, LVLB, IER,

4 I1, 13, 1202

REAL FACTOR(0:24,0:24), PSIA(1:202,0:24), P51B(1:202,0:24),
4 SA(202,4), SB(202,4), A(202), VA(202), VB(202),
N AREA

comman /DTAFCF/ FACTOR, PSIA, PSIEB, SA, SB, NOPNTA, NOFNTB

.
DATA 11, I3, 1202 /4, 35, 202/
DO 100 I=1,NOPNTA
VA(I) = PSIA(I,LVLA)
VE(I) = PSIB(I,LVLE)
160 CONTINUE
AREA = 0.0
LS itttk el Multiply SAXVA = A
C
c VHMULGF is an IMSL routine for matrix
c multiplication, _
C (Band Symmetric storage mode times
Cc Full storage mode.)
CALL VMULGF (SA, NOPNTA, 13, 1202, VA, I1, 1202, A, I202)
C e s e e e e Multiply VB%*¥A = AREA
(o
C VMULFF is an IMSL routine for matrix
C multiplicatian.
c (Full storage mode times Full
I C storage mode.)
H-7
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CALL VMULFF (VB, A, I1, NOPNTA, Il, I1, 1202, AREA, I1, IER)

Aa ol aa

C  —-mmmmommmssmseoooo—sommmme e The Franck-Condon factar is AREA -
C squared.

FACTOR(LYLA,LVLE) = AREAX¥2

9999 RETURN o
EMD

-
4 - ..
. e
FUNN
P
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c
c Frogram!: SUBROUTINE OUTFCF
C
c Version: 84.11.30
c
Cc Author: Paul H. Ostdiek
C
C Air Force Institute of Technology
C Wright-Patterson Air Force Base, 0OH
c
Cc Description: Thic routineg prints a 25 by 25 Franck-Candon factor
C tuble (to umit 13).
c
C _______________________________________________________________________
K
SUBROUTINE OUTFCF
CHARACTER¥”2 LBLA, LBLB
INTEGER I, J, NUGPNTA, NOPNTEB .o
REAL FACTOR(0:24,0:24), PSIA(1:202,0:249), PSIB(1:202,0:24), ] fJ
+ SA(Z0Z,4), S5B(202,4) ;”i
COiMUON /DTAFCF/ FACTOR, PSIA, PSIB, SA, £B, NOPNTA, NOPNTB B
g*n COorMON /LABELS/ LBLA, LBLB ——

wRITE (13,1305) LBLA, LBLB
1305 FORMAT (* v" (across the page - lawer state) is for ’,/,

' ',A?2,/,/,* v' (down the page - upper state) is for’,/, .1'4
+ r oy AT LT
) € h . .
el
WRITE (13,1301) (J,J=0,1%) {-tj
1301 FORMAT (P0’,’v'\v" ',12,15(5%,12),/) e
~ S
€ —mmmmemmmosmesemommm e o mm e Write the first part of FCF table.

DO 10 I=0,24

WRITE (13,1302) I, (FACTOR(J,I),J=0,1%5) ]
1302 FORMAT (' *,12,1%,16(2X,F5.3)) "

16 CONTINUE Ot

WRITE (13,1303) (J,3=16,249) S
1303 FORMAT ("1°,1X,9(54,12),/)

1

L e Write the second part of FCF table. R

DO 20 120,24 s

WRITE (13,1304) I, (FACTOR(3,I),J=16,24) ]

P 1304 FORMAT (* *,12,1%,9(2X,FS.3)) ]
20 CONTINUE

99%9Y RETURN L
END '.
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Frogram: SUBROUTINE TRLFCF
Version: 84.11.30
Author: Faul H. Ostdielk

Air Force Institute ot Technology
Wright-FPattersan Air Force Base, UOH

Descraption: TRLFCF closews the output listing file (logical

units 13 and &) and staps the CPU and wall time
use statistics.

------------------------------- Shut down the run statistics.

CALL ETIME
CALL WTIME

------------------------------ Close the listing outputs.

CLOSE (UNIT=13,STATUS='KEEF’)
CLOSE (UNIT=a&)

RETURN
END

H-10
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Appendix T

Program Flow Symbols

A process of some kind.

—_— A module, e.g. SUB1 may
be a subroutine or a
function.

YES
A decision point.
0

Start or stop a task.

A disk file.

P
Tt e e
NP PO U W W)

0ff page connector

et N
Sl e e
tata el

t\u—’////’—J Output listing (printer). jfti

N

I-1

L L I
. R
. BN DU W Y U S B

...................................................
.............................
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Appendix J “
E
T
_.1
The Single Harmonic Oscillator f
The Schrodinger wave equation describing a one )
dimensional, single harmonic oscillator is (10:75):
-4
dzﬂg 20 1,2 S
5+ S5(E - 2kx™)¥ = 0 (J-1) R
where
1kx? = Bpw’x® (J-2)
e —

Bounded solutions exist only for the discrete energy levels

defined by the vibrational gquantum number v and:

= 4 1 -

E(v) fo(v 1) (J-3) ;

This equation shows that these energy levels are spaced BN
equally apart. i
The orthonormal wave functions of the harmonic ;
oscillator are then described in terms of Hermite polynomials —

1
H,(a® x) as:

B - - . . 1 .
.t “ LN o p e e
. . LI L A
a A . . . .
PPV SRR SEVETLPLLIY SN S I

. . ‘
- . “a . o . e te e Y *. PR " e
A - R P R e e T A LN et e . . « . LA - A R S P S N
- s . . . . - . - o " - . e T e e e . . . . . - " . e L te LT L Tm ot - * S Y ‘o " *, M e e
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= 1 J-4
Yo(x) Nye Hy(aZx) (J=4)

where the normalization constant Ny is

i1
N = _l__cl)z ° (3-5)
v 2Vv1 N\

and the scaling constant a is

a = %9 (3-6)

The first ten Hermite polynomials are:

Horq) =1
Higq) =&
a2
-
e aoa5 - 1¢0q3 |
T 4 2 _ L
Hé(q) = 6lq 48097 + 720q 120 *
H = 128q7 - 1344q° + 336097 - 1680q 3
7(q) | %
Hg(q) ~ 25608 - 35849° + 13440q" - 13440q2 + 1680 ‘ff;
1
H9(q) = 512q9 - 9216q7 + 48384q5 - 80640q3 + 30240q v
J-2
3
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the Air Force Commendation medal. He was selected Company
Grade Officer of the Quarter for McClellan AFB in June, 1982.
In June, 1983 he was awarded an oak leaf cluster to the

Alir Force Commendation medal, and entered the Air Force

Institute of Technology. 1
Permanent address: L
P.0. Box 123 - ‘]
Lawrence, Nebraska 68957 1

4 e e

",‘1

..............................................
..................




REPORT DOCUMENTATION PAGE

SECURITY CLASSIFICATION

UNCLASSIFIED

1b. HESTRICTIVE MARKINGS

¥ CLASSIFICATION AUTHORITY

3FICATION/DOWNGRADING SCHEDULE

3. DISTRIBUTION/AVAILABILITY OF REFORT
Approved for public release;
distribution unlimited.

HNG ORGANIZATION REPORT NUMBERI(S)

GEP/PH/84D-6

5. MONITORING ORGANIZATION REPORT NUMBER(S)

ob. OFFICE SYMBOL

RPN

FPERFORMING ORGANIZATION
0ol of Engineering

1la. NAME OF MONITORING OAGANIZATION

S (City, State und Z1P Code)

‘'orce Institute of Technology
1t-Patterson AFB, Ohio 45433

7b. ADDRESS (City, State and Z1¥P Code )

8b. OFFICE SYMBOL
(1f applicable)

F FUNDING/SPONSORING
1IZATION

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

iS (City, State and ZI1F Code)

10. SOURCE OF FUNDING NOS.

TASK
NO.

PROJECT
NO.

PROGRAM
ELEMENT NO

Include Security Classification)

3o0x 19

WORK UNIT

NO.

IAL AUTHOR(S)

H. Ostdiek, B.S., Capt, USAF
3F REPORT 136. TIME COVERED 14. DATE OF REPORT (Yr, Mo., Day) 15. PAGE COUNT
1esis FROM ____ to______ 11984 December

MENTARY NOTATION

COSATI CODES

18. SUBJECT TERMS (Continue on reverse 1f necessary and identify by block number)

CROLP SUB. QR Franck-Condon Factors, Diatomic Molecules,
o4 Molecular Vibration, Schrodinger Equation,
10 Numerical _Analygis

ACT i1Continue un reverse if necesaary and identify by block number)

COMPUTER MODELING OF VIBRATIONAL ENERGY LEVELS OF POTENTIAL

LASER CANDIDATES (DIATOMIC MOLECULES)

is Chairman: E. A. Dorko

lyrovec\ go\ p:j?lfc:sleu:.o: e bg(
f;h"alf v S . ,b,: ey
B e

1AW AFR 15017

innal Development

3UTION/AVAILABILITY OF ABSTRACT

nep/uNLIMITED B same As ReT. [ oTic users (]

21, ABSTRACT SECURITY CLASSIFICATION

UNCLASSIFIED

OF RESPONSIBLE INDIVIOUAL

» Dorko

513-255-4877

22¢c. OFFICE SYMBOL

AFIT/ENP

22t, TELEPHONE NUMBER
tinclude Area Code)




35SIFIED

ASSIFICATION OF THIS PAGE

This thesis developed a finite element solution of the
Schrodinger wave equation. This technique 1is used by a
computer program to calculate the energy levels and wave
functions of a diatomic molecule for a particular poten-
tial energy model. The potential energy model is a function
>f a set of parameters which a non-linear minimization rou-
tine varies before solving the wave equation. This is done
in an iterative manner until the calculated energy levels
agree in a least squares sense with the observed energy
levels. Then the transition probabilities (Franck-Condon
factors) between the wave functions are calculated by
another program developed for this thesis. Finally, two
programs were written to determine the energy levels
>bserved in spectroscopic data. One uses Dunham coefficients
and theNunham equation while the second uses a least square
fit to the data directly.

The four programs were tested and appear to work correct-
ly. The numeric solutions were compared with the analytic
solutions of the single harmonic oscillator. The lowest
25 energy levels agreed to within 0.005% accuracy while
their wave functions appear to agree to within 0.40%
accuracy.

AR A

—

UNCLASSIFIED

................................................

..................................




'-f""v

4-85 .

R e o T T
o P .

LI T ol il Sl S P, T ol ., T A e S e (U, LT Yy Wy S, SR A AL N A TP L S S-S t gt s o ',- )




